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INTRODUCTION

A computer simulation was developed for missile and rocket saflng and arming r.-
(S&A) mechanisms which incorporate an acceleration-driven rotor, a throe-pass

involute gear train, and a pin pallet runaway escapement (fig. 1). A modifica-
tion was also developed which simulates a system with a pair of meshed accelera-

tion-driven rotors in addition to the three-pass gear train.

Several portions of the computer program for thils simulation are taken di-
rectly from the program SANDA3 of reference 1.1

The basis of the computer simulation is the development of mathematical

equations to describe the three regimes of motion of the runaway escapement:

coupled motion, free motion, and impact of the escape wheel and pallet. As in
reference I, the effect of a pallet with an arbitrarily located center of mass is
considered, and all non-impact contact forces are determined for considerati ons -
,r stength.

With this simulation, predictions of the S&A arming time can be made. The
arming time can be computed either for a variable axial and normal acceleormtion
fIeltd, as would be experienced in missile or rocket flight, or for a consta niL
axilil acceleration field, as occurs in centrifuge testing. The simulation can l-
used to determine the effect of design changes made to the escapemeit ,

trali, and acceleration driven rotor. Conversely, design changes can he s'u,-
gested to produce a desired alteration of the S&A arming time.

In this report, the PATRIOT M143 S&A is modeled as a sample mecha, la,in. T1ie

restlts are in agreement with laboratory test data. Details of the input parame-

tors needed in order to use the computer program are completely described in the
M143 S&A sample.

DESCRIPTION OF COMKPUTER PROGRAM 1{ISLSA

The computer program MISLSA itse logic that is virtumally identical to that
used in the computer program qANDA3 of reference 1. A complete description of

MISLSA is offered here for clarity. With little deviation, the description of
SANDA3 offered in reference I applies to MISLSA as well, and should he roferred

to if an a1Lk-rnate description might improve the reader's understanding at any
point in this report.

1This work draws to a considerable extent on work completed and publi-she by Dr.

F. R. TePjei and Dr. G. G. L ii jO references 1 through 4.
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I

Three Regimen of Motion

The computer model is based upon tollowing the escape wtcel cotitimuo.sly
through the three regimes of motion it experience.. AL tirst, the escape wheel

and entrance pal let pin are in contact; thus, upon experLenc iog AcceC rat ion, the

rotor drives the entire system in coupled motion. A dil terenta.l equation is
developed to describe this coupled motion. The pallet pin rides along th. tsc.ipc
wheel tooth until the tip is reached ot the contact torte heenones z-ro, AL whIichl

point the escape wheel system (escape wheel, goe.r train, alnd driving rotor) movw•es-
separately from the pallet. Here separate ditfercntial eluations are tieeded to

describe the free motion of both the pallet and escape wheel systemn independent-

ly. A itew escape wheel tooth and the exit pallet pin ap'proach Qetch other t hrontql
this free motion until impact occurs. ACcordlnb to tLoe severity o1 the umipact-
and the coefficient of restitution, either coupled or tree moton will totlow

this impact. Eventually, the escape wheel tooth will reach the puint where tur-
ther contact with the exit pallet pin is not possible, ad a new tescape wtikee .

tooth will approach the entrance pallet pit,. This cycle repeals itt-elt several

hundred times within a matter oL 3 to 4 seconds in the case ot the 'ATiKlot' ,M143

S&A.

As can be seen in the flow chart in figure 2 kreproduced with inior, but
necessary, modification fron reterence 1, figure 5), the computer pro6 rimn must
have the capability to test many situations and make several decisions in order

to follow the escape wheel motion accurately. L
Coupled Motion

Appendix A is devoted to developing the equations of mot ion, both tree and

coupled, for the escape wheel system and pallet, as well as contact force expres-

sions between each gearing interfpe and at the escape wheel-pallet interlace,

when applicable. Equation A-146 is the differential equa'ion ot cllplod motion.

for the entire system.

"; 2
A58 A 59 b(A oAA A A61A N

where $ represents the angular position ot the escape wheel (thus • s the anglg-

lar velocity and • is the angular acceleration). AA and A,, are tl," axial diid
normal or lateral accelerations, respectively. A58 through A., aire variables

developed through a series of force and moment balances throug41hout the systve, as.

described in appendix A. The solution of this ditterenttal equat iou is accoin-

plished with a fourth order Runge-Kutta routine. 2  'fhu associated computer pro-

gram for its solution is given in Appendix B. Appropriate setup parameters arie

2 RKGS Routine, IBM System/36U Scientific Subroutine Package (360A-CM-'YX3),

Version III.

. MEW N& M".il
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n ie cess ar y in the main program to ut ii ize 11hit -subrout illk ;1 l0n4g Wit 11 two odiit -

*t i ona I subrou t i ties FCT tnd uLTil ' The sub r oat tine i-CT prc. vten i thle s'C mid ,I ktk t
tit tterenttal etpiat tiln as two it IrsI krder equit iollb to KNW'i..

DPUiI( I) PH .(.2) (2

DiHI (2) (-AA5 04 * P1112) **2+ AMh) *AA + AA~tI * ~I\\~ 3)

where =PI1 4

PH 1)~( 1) (40)

The basic responsibilities of Subroutine oUU'l are to Write tile Output of eachl
inc r em e.nt o thEle so lution o1 t he d it tvrent i a equlat ion, to caCa lL .114 coaeadWr I

the coIlLAt .it orces , and LO deL terli ne Whethter coup led Mot ton is, to be ico~imticted

As ide t roin the mainr progýram and thle -kt) roll ines ment it tined , several oIkLlittr
subroutines Are va 1 ted in thle so lotion tit tihe coupled Mtmo o 1Ii. I e ellit La eqUI-
L ion (As well as the free motion dit tcrentiaL equations).

Subroutine KIgM;

This subrout ine computes tile values ot tile munent .irins b
,1n d D ' as well as values ot f~ p and ~.Details ot Ltie deve toplllen't uo tl tiis
suibroeitine are given in reference 2; a brief des;Cript~ion of the paramters gý and
xý are of fered here.* The parameter 6 represents thle d istlilce betw~een theL Coit Ic t

point of tile pallet pin with tile escape whee~l, and tile enid ot Ltue escape wlieel
tooth (fig. 3). The parametcr g is the rate of change of this distance, or t.ie

relative linear velocity ait which the p)al let pill i~i apjlro~ic~l ll6 tile elid 0 OlkLi'

e s cape wheel tooth. By monitoring this pa rame te r, ogwitth thle Ca ten ti~ed
contact force between tile components, PnI tile pigran.ýdi. is altbiC to determine when
coupled motion has ended.* It the contact fornce is positive aind tile p~iralletevr
is negat ive (due to tile directiton 01 tile ulll- t vectoV inltle L cOord 1mate Sy Stein

appendix A, reference 2) , then coupled otuiion Coiltinues;. At Ltie po ilt where 6
becomes zero o)r tile collt LC t t orce be comes zero , tile comipo t ver p ros rain ret trl 1
constrol to the main program and eventually to tie subrout itaes devoted to thei-

anatlys is or tree motion.

,4, and uare Cie ang ular pos iT ion and 't"161,ar velocity 01 tLte pal .L.. "
respect ively.

. . . ... .
• "o-•.-..-
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Subroutines IN3 and IN3t

The main purpose ot these subroutines is to determine values t01r tiLe

variables Al through A57, needed in order to sote the dttferentiAl equations. -:'
These variables are developed and described completely ill appendix A. (Two sub-

* routines are nieeded due to a Limit on the number of arguments permittted inl a
single subroutine.) The variables are represenLed us MI through AA5 in the

computer program to differentiate these variables from the fixed pa.rameters a1

through a 3 which are represented as Al through A3 in Lme computer program. inl
addition to solving for the variables AAl through AA54, subroutine iN3 tirst
determines the appropriate signum functions S1 turough S7 needed to determine AAI

through AA57. These signum functions are needed to assure that friction oppose es

the motion in all cases. Signum functions St, S2, and S3 are developed in ait
manner similar to that for the signum function S described ili reference i, appen-il•-

dix A. To determine signum function S1 through $3, gear train angle data must be I
updated to ascertain whether approach or recess contact is present at ea0.h 60.r

mesh. Signum functions S 4 and S5 are desccibed in reteremice I , equal ions x-59

and A-6O. Finally, signum functions S6 and S7 are discussed in appedix A, prQ-

Sceding equation A-29.

Subroutine GCURVE

This subroutine is called in order LO obtain tile current values tor both

the axial and normal accelerations. GCURVI accepts up to LOU points, detilirng anl
acceleration-time curve tor both the axial and normal accelerations. The subrou
tine performs a linear interpolation to determine the acceleration values at cadt
time increment; then converts the acceleration values trom g's to in./see2 tot
use in the differential equation solution.

Free Motion h

Several subroutines used in solving the free notion differential equations
are the same as those needed to solve the coupled motion ditierential equation;

* namely, KINEMI, IN3, IN3A, and GCURVE. Two very uimilar subroutines to FCT and

OUTP--FCTF and OUTPF--are used to present tie two tree mot ion ditturential equu-

tions to RKGS and produce the continuous output. 'Two ditterential equations are

needed, one for the pallet in free motion, and one tor the escape wheel, gear

train, and drive rotor system. These equations are developed in appendix A and
are shown here;

62 14 63 A 64 N+,' ~+ 7

A 5 ~+A6  fAb 7 A +I-A A )
-68 ..

7

IA6 +A6 2+t),



where equation 7 is the expression for the free motion of the pallet and equation

8 is Lhe expression for free motion of the escape wheel system. To solve both

._quations at the sane time, the two second-order differential equations are pre-

sented in a single subroutine, FCTF, as four first-order equations. While the

equations are really two pairs of coupled first-order equations, the routine

treats the four equations as coupled, thus givin6 solutions for •, p, and their

derivatives, for identical time increments. The equations are presented in sub-
routine FCTF as follows: ,._|

DX(M) = X(2) ("$) (9)

DX(3) = X(4) ((1) (10)

(O=) DX(2) = (AA67 * AA + AA68 * AL - AA66 * X(2) ** 2)/AA65 (II)

(0-) DX(4) = (AAb3 * AA + AA64 * Ai - AA14 * X(4) ** 2)/AA62 (12)

Again, the basic responsibility of subroutine OUTPF is to compute the con-
tact torces, write the output for each time increment, and determine whether free

motion will continue at the next time increment.

Impact

Transformation from free motion to coupled motion usually involve's an impact .
between the escape wheel and pallet pin. When the proaram has decided tnat an

impact is to occur, subroutine IMPACT is called to determine frow the current

angular veLncities P and what the post impact angular velocities $t and
a vt

will he by applying equations F-20 and F-21 of reflrence 2. (The moment or iner-
tia it; expressed according co equation A-169, appendix A, which reters the rotor
and gear train inertia to the escape wheel shatt. As shown i,, reterence 2, ap-
pclidiK F, tangential impact has been neglected and, theretore, E Dl and F2=

In certain cm.ses the impact torque on the escape wheel can be great e-loutI.,h
to reverse the motioli of the e':.tre gear train; i.e., the escape wheel velocity :

becoMcs nCgative. This will r,.sult in a change in directionl of the frictional

forces which musqt b, accounited or. This change in the friction forces must be
expressed for both tree aid coupled motion. It is acomplished by allowing the
CtoOI tlidtm.i ot rriction ill oll the gear train components to become negative (ret

i, Lp g). SubrouLtine iN3 is responsible for this sign change by using the tol-

lowing sig;,,,non fu,,ction / j/ l 7•.

MUI ABS(lU) * , I (i3)

TIIC cotl I Ic i emit I r Ic L ion ot ui Is used tor the escaperii•e t intertace and pal tet
pivot area. The sitgomum funct ions S4 and S5 handle the mot.in reversals for these -
two surftct!s.

8



Transfer Between Motion Regimes 4.

The main program and .iubroutines OUTP and OUTPF are responsible for the 'C
decision process to determine which motion regime is appropriate. What follows
is a description of how each decision is accomplished by the simulation.

Coupled Notion to Free Motion

With each increment of the numerical ;olation to the differential eqkta- N-
tion of coupled motion, subroutine OUTP checks to determine if coupled motion.
continues. Two parameters must be checked to make this determination, g and
Pn* The parameter g is negative when the locbaLton of the pallet pin is along the
escape wheel tooth, and is a measure of the distance along the plane of the tooth
to its end. [Again, parameter g has a negative vwillte due to the direction of the
unit vector in the coordinate system (ref 2, app A.)] P1 is the contact Force
between the pallet pin and esqcape wheel tooth. The statement,

IF (.NOT.(G.LT.O..4ND.PN.GT.O.)) PRMT(5) - 2. (14)

is used to make this test. PRMT(5) = 2. (or any ,non-zero PRMT(5) value) is a
signal to the subroutine RKGS that coupled motion has ended and to return control
to the main program. At the point control is returned to the main program, the
value of g is immediately checked. A negative value of g indicates that further .

cointact between the pallet pin and the escape wheel tooth which had just left
coupled motion, could still occur. This depends on the relative angular veloci-
ties of the pallet and escape wheel during free motion. The program then ini-
tializes parameters for the free motion subroutines and turns control over to
RKGS to solve the free motion differential equations. If the value of g is
greater tlhan 4ero, however, no further contact is possible with that escape wheel
tooth before a new escape wheel tooth experiences impaot. Therefore, aiglo in-
,lexing (which varies according to whether entrance or exit action is expected,
and is yet to be discussed) must take place before continuing to the free motion
regime.

Free Motion to Impact, Coupled Notion, or Free Motion

Two parameters are continuously monitored in OtJTPF in order to determine
if the escape wheel system and pallet remain in free motion. These parameters
are f and 7' (fig. 4). (Reference 2, appendix C gives the details of how thes."
parameters are evaluated.) The parameter f is a measure of the distance between
the pallet pin oOd escape wheel tooth taken normal to the plane of the escape
wheel tooth. The parameter g' is similar to the parameter g of ,oupled motion in
that it measures the distance from the pallet pin center tO the escape wheel
tooth tip along the plane of the tooth. First the parameter f is monitored. If
f is not positive, control is returned to the main program. With f loss than or
equal to zero, if g' is greater than or equal to zero, no contact with the escape
wheel tooth being monitored is possible. Therefore, after the appropr'iate angle

9.

9 "



n t-

k1 
b

0*

I - -- -- 

. -1*o

Figure 4. Free motion -

10'i 

.
" " "• •"• * " - " . " .. . '- ,-" .. .. , '. - '-, - - -. ' -•: -. ' .--. -'-. -.-- , .-- ,2



indexing (according to whether in entrance or exit action), control is returned
to ;olv'n.g the free motion differential equations. If g' is less than zero, how-
ever, sixteen possihilities must be considered to determine whether colipled mo-
tion. free motion, or impact will result. These sixteen possibilities are due to
Ilie dliferent combinations of relative velocities of the escape wheel and p;i 1,,t;
ahsolute velocities of the contact points; and the type of action, entranice or
exit. Thb ,Lxteen possibilities are shown here, wtth the motion that will result L-.

from each combination.

Entrance action

4 ) 0 and 4'0 and IvpI > IVsl free motion

) 0 and > > 0 and lvl = I Ivl coupled motion

4 ) 0 and > ) 0 and IV I < IVsI impact

0 and 4 0 free motion

> 0 and 4 • 0 impact

< ' 0 and $ , 0 and IV I > IvI free motion
p s .'

0 and p € 0 and IVp I IVI coupled motion

; 0 and ' 0 and Iv I < IvI impact

Exit action

0' and 01 and IV I > IVI free motion

0 ) 0 and p 4 0 and Ivi = IVI coulpkd motionp s

0 and 4' ( 0 and I < IV1 impact

( 0 and $ ) 0 and IV I > IVI impact

4' 0 and $ ) 0 and IVpI 1Vs1 coupled motion

; ( 0 and P )0 and IV I < IVsl free motion

0)o and 4)0 impact

4 ( 0 and 4 ( 0 free motion

Returning to OUTPF, the possibility ot g' being greater than zero when f
is greater than zero must also be considered. If g' becomes greater than zero,

...........................................



V

control is returned to the main program. In the main prorram, angle indexin1 is
accomplished after determining whether entrance or exit action is present, and
then control is returned to the numerical routine to solve the tree motion dit-
ferential equations.

4 Impact to Free or Coupled Motion

The subroutine IMPACT uses the input angular velocities ot the escape
wheel and pallet to determine the angular velocities after impact. (The equa-
tions are developed in reterence 2, appendix F.) Atter the impact occurs, the
subroutine returns control to the main program. The main pro 6 ram first tests for
entrance or exit action; then computes the velocities of the contact points V
and V. from the new values and 4)f. If the absolute value of the difference of Z
the two post-impact velocities is less than I inch per second; i.e.,

IV - V'I < 1.0

then co - is transferred to solving the coupled motion ditterential equation.
If this is not the case, six possibilities exist for both entrance and exit ac-
tion which lead to either free or coupled motion. They are as follows:

Entrance action

C ) 0 and 0 ) U and IVI > IV tree motion

0 ) U and p ) ! and VpI < iV coupled motion

0 O and u u coupled motion

S •0 and ,•)0 free motion

0 , U and a. d 0 and IV > IV I coupled motion
P

0 and o € U andIV < IV) I free motion

p

Eit and coupled motion

1 ' 1 1 'j qk 0) tree lfo)tion-

0and > 0 and 1V I > IV coupled mution

o U ,> 0 and V • IV tree motion'

12
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Additional Program Features -

Angle Indexing

In the description of the operation of tile computer program, angle ihi-

deexig was mentioned several times. Angle indexing is necessitated by the chang-

ing of the relative positions of the escape wheel and pallet pin. It twolves

going from ettrance to exit motion or vice versa. As an example, when control is

released to the main program from the routines to solve the coupled ,notion dLr-

ferentlal equation, and g > 0, the current escape wheel angle is measured against

a test angle TANG. If the escape wheel angle is less than this test angle, it is

known that the entrance action coupled motion has been completerd, and the escape

wheel angle € is indexed forward NT teeth, and the pallet angle ý is incremented

by 2Tr- in preparation for analysis during exit action (X is the angle hetween

the pallet pins). Conversely, if the escape wheel angle is greater th'an the test
angle, Lr is known that exit action coupled motion has terminated and entrance

action is expected. To return to entrance action, the escape who' ! ang,,le Is

indexcd hack (NT + 1) teeth, and the pallet angle is decremented by -27T + X.

In addition to indexing the angle of the escape wheel to accommodate

changes from entrance to exit action, the same must be done for the pallet center

of mass angle '1 . During entrance action, this angle I-, expressed as

cip or PSICC .. -

while during exit action, the angle is expressed as

j,+ X or PSICC + LAMBDA * 7

The multiplication by ZZ is a conversion from degrees to radians.

Cumulative Escape Wheel Angle

To solve the differential equations as well as to determine when arming

has occurred, t1he instantaneous rotor angle must be known. This angle is ex-
~r.',e ti appendix A as 0 + N ý where • is the initial rotor angle, q isSIc 41 T .I c ' T--'

the cumulative angle of rotation of the escape wheel, and N41 is the gear ratio
between the rotor and escape wheel. Since angle indexing is occurring with the

angle ý, the Runge-Kutta variable PHI(1), ý can only be obtained by cnIýInttl,.s,, 1.

addition of the increments 6ue to each Runge- utta cycle. Therefore,

OT TOT + A4 (16)

where

total escape wheel angle up to a given Runge-Kutta cycle
(PHITOF in computer program)
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= increment ot escape wheel during a given Runge-Kutta cycle

The increment Aý is calculated as the difference between the latest value of t

[PHI(1)] and the previous value of ý (PHIPR). With this, equation 16 becomes

S= PHITOT + PHI(1) - PHIPR (17)cT

The program reads in the escape wheel angular displacement at which the

mechanism arms (which for instance might be a 90 degree rotor displacement multi-

plied by the gear ratio between the rotor and escape wheel). After every incre-

ment, PHITOT is compared with this "cut-off" angle PHICUTD, dnd the simulation is

terminated when PHITOT reaches PHICUTD. Additional information on the computa-

tion of can be obtained from the section on Fuze Body Configuration in refer-
~ Tence 1.•.-

Subroutine ALFA

This subroutine is needed in the solution or the differential equations

of both coupled and free motion. Values for the initial (earliest possible) and

final (latest possible) contact angles of the gear meshes are determined in this

subroutine, which is called by the main program for each mesh. (Details or the

development of this subroutine are available in reterence 3, appendix A.) These

initial and final gear mesh angles are needed in order to compute the instanta-

neous gear mesh angles in subroutine IN3. These, in tern, are needed in tUie

solution of the differential equations.

Maximum Contact Forces

The subroutines OUTP and QUTPF use expressions developed in appendix A
of this report to calculate the contact forces at each gear mesh. In addition,

when the pallet pin and escape wheel are in coupled motion, a contact force ex-

ists betwee, them and is calculated in OUTP. It is calculated with two expres-

sions, one in terms of the escape wheel variable . and one in terms of the pallet

variable 1P. This serves as a check on the accuracy of the equations developed,

since it is known that the contact force should be the same tor both calcula-

tions.

Both subroutines keep track of the maximum contact force at each inter-
face experienced through the arming cycle, and return this information to the

main program.

Program Input/Output

The input parameters needed tor the computer pruorain are discussed in uetail

in the sample run fur the PATRIOT M143 S-A.

14



The output of the program begins with a summary of all of the input parame-
ters given. Following this, the program begins by solving the differentiil equa-

*tion of coupled motion. For each time increment of the numerical soluttion to the
differential equAtion, the following parameters are printed.

T at . time (sec)

PHID A instantaneous escape wheel angle (deg)

PHIDOT - angular velocity of escape wheel (rad/sec)

C = g distance from pallet pin to end of escape wheel
tooth along the plane of the tooth (negative for
coupled motion to exist) (in.)

GDOT time rate of change of the parameter g, or relative
CDOT - gvelocity of pallet pin along the escape wheel tooth

(in. /sec)

PSID -pallet angle (deg)

*PSIDOT angular velocity of pallet (rad/sec)

PIIITOT -=cumulative escape wheel angle (deg)
T

F34 F F34  =normal contact force between gear no. 3 and pinion
no. 4 (lbf)

PF23 F= 3 normal contact force between gear no. 2and pinion
no. 3 (lbf)

F12 =F 12  -normal contact force between gear no. I and pinion
no. 2 (lbf)

PN =P~ n normal contact force between escape wheel and pallet
(lbf) (calculated with equation in terms of the
escape wheel variable *

PNPSI =P normal contact force between escape wheel and pallet
n4 (lbf) (calculated with equation in terms of the

pallet variable ýp; should be equal to PN)

2
DPH12 = angular acceleration of escape wheel (rad./sec

The output continues in this manner until the free motion regime is reached. The
joutput for free motion is as follows:

T t -time (sec)

PHID . instantaneous escape wheel angl~e (deg)

PHIDOT - angular velocity of escape wheel (rad/sec)

L5
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PSIU - - pallet angle (deg)

PSIDOT - - angular velocity of pallet (rad/sec)

PHITOT - - cumulative escape wheel angle (deg)
T

FF12 - FF. 2  - normal contact force between gear no. 1 and pinion .'*

no. 2 (lbf)

FF23 - FF23 - normal contact force between gear no. 2 and pinion
no. 3 (Ibf)

FF34 = FF34 = normal contact force between gear no. 3 and pinion
no. 4 (lbf)

When impact is sensed, the following parameters are written

VP V velocity of the contact point of the pallet pint
V P (in./sec) (first printed just prior to impact)

VS = VS velocity of the contact point of the escape wheel
tooth (in./sec) (first printed just prior to impact)

Next, immediately after impact, the parameters PHID, PHIDOT, PSID, PSIDOT, and
PIIITOT are printed, as well as the post-impact values tor VP and VS.

Upon the termination of the computer program, the final values printed are
the maximum contact forces experienced at each interface during both free and
coupled motion, and the arming time of the device.

Within the program, statements have been added in order to reduce the out-
put. The time increment being used in the numerical analysis of the differential
equations is 0.001 second, and in the case of the PATRIOT M143 S&A, an arming
time of approximately 3 to 4 second is expected. This would result in approxi-
mately 30,000 to 40,000 lines of output. In order to limit this outpit, state-
ments have been added to allow full print-out of only the first and last 3U de-
grees ot escape wheel travel (in the case of the M143 S&A, the escape wheel trav-
els over 13,000 degrees in the arming process). The output between the first and
last 30 degrees is limited to every 1,000th line with further control statements.
All ontput control statements can be easily removed or altered to suit the needs
Sof the user.

COMPUTER SIMULATION OF AN EXAMPLE MECHANISM

Bocause the PArR[fl' M143 S6A actually has a tour-pass gear traii due to tIe
mesh between the two driving rotors, some minor moditications had to be made to
the ainalysts and to the computer program. The revised analysis is given in ap---
pendix C and the associated computer program is shown in appendix D. This •. A
will now be used as a sample mechanism. The balance rotor will be used as tthe
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driving rotor. The input parameters 3 needed to simulate the M143 S&A in an 11.9
g centrifuge arming test are described in detail below: .

ascapement Parameters jr

A a 0.1996 (in.) (5.0698 mm) - distance between the pallet
and escape wheel pivot cen-
ters

b - 0.1495 (in.) (3.7973 mm) - escape wheel radius

C C = 0.1188 (in.) (3.0175 mm) distAnce from pivot center
to pin center of pallet
(identical for enitrance and

exit) I

R r 0.01575 (in.) (4.0005 mm) - pallet pin radiur (identical
for entrance and exit)

ALPHA a 45.0 deg escape wheel tooth half
angle

EREST - 0.0 coefficient of restitution
(high speed motion pictures

of runaway escapements indi-

cate totally inelastic im-
pacts)

LAMBDA - X = 108.42 deg - angle formed between pallet
pins with radii taken to
pivot center

DELTA 6 - 30.0 deg angle between individual.
escape wheel teeth

Reference 2 gives further details of these parameters, if needed.

Mass Properties of Components

M1 = m1  2.6775 x I0-" lb-sec 2 /in. mass of rotor assembly1 2'

(4.6963 x 10-2 kg)

3 .

All rotor input parameters subscripted with a I are those of the balance rotor. •.

17""'
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M2 = M2  1.9324 x 10-6 lb-sec 2 /in. - mass of no. 2 gear and
(3.3894 x 10-4 kg) pinion assembly

M3 r3  = 1.2185 x 10-6 lb-sec 2/ifl. -mass of no. 3 gear and
(2.1372 x 10-4 kg) pinion assembly

M4 ID4  1.0570 x l0-6 ib-sec2/in. - mass of escape wheel ann
(1.8540 x 10-4 kg) pinion no. 4 assembly

IQ = mp 5.1540 x I06 lb-sec 2 /in. - mass of pallet assembly

(9.3909 x 10-4 kg) assembl

II - 1 8.2140 x 10-5 in.-lb-sec2  = moment of inertia of
9.2952 x 10-6 kg-m) rotor assembly "-

12 - 12 - 1.3692 x I- in.-lb-sec 2  
- moment of inertia or no. 2 I

(1.5494 x 10-10 kg-m) gear and pinion assembly

13 f 13 f 8.5991 x 10- 9 in.-Ib-sec 2  = moment of inertia ot no. 3

(9.7317 x 10-10 kg-m) gear and pinion assembly

14 14 4 = 6.899b x 10- in--lb-sec2  = moment o0 inertia of escape

(7.80M8 x 10-10 kg-m) wheel and no. 4 pinion
assembly

I= Ip = 6.8390 x 10-8 in.-lb-sec2 - moment or inertia of pallet

(7.739 x 10-9 kg-m) asscmbly

General Parameters 4

RCI rcl = 0.2656 in. , distance from rotor pivot
(6.7462 r.m) center to center or mass

RCP = r - 0.0 in. - pallet eccentricity or dis-

(0.0 mm) tance from pivot center to .1

center of mass

RHOP = p = 0.0152 in. = palleL pivot radius -
P (0.3861 mn)

pUilGC = I = 45.0 deg rotor atiile in starting
position (fig. I)

PSICIS = 'p = 0 deg e eccentricity angle of pallet
C (tij 1)

- 133.45 de6 = escape wheel bcartin6 anfle
of initial coupled motion

simulation (for choice or
this angle, see ret 2)

iiiiil .,T-i?.i•,Y~i7,- fii, ~i 7,--.il~ lil-•-li -i7i liL .f.l,--.: l-;71 iii-'-.l-i -i i . .. ii" iii.l• . iil.; ii-l..ilil, iiill i[l . -. il-l ~i-"lii iI



PHICUrD - 13,268 deb - cumulative escape wheel
atg Le at which armill oc-
curs, obtaitned from prodicLn
ot gear ratio and kuownI
rotor displacement necessary .•-

t or armiing

MU = U - 0.10 = coetticient ot trictlui ot

e ,t traint (pivots, tooth-

to-tooth contacts, and Ls-

cape wheel pivot)

MUl 1 0.10 = coetticient ot triction ot n
pal let-escape wheel inter-

lace anid pallet pivot

BETAID = - 90.0 deg angle between lateral axis

(x-axis) and line fron rotor

pivot to no. 2 gea r-and-

pinion assembly pivot (itg.

1)

BETA2D R2 90.0 deg u angle between lateral axis

and line trom no. 2 6ear ad.d
pinion assembly pivot to no.

3 gear and pinion assembly
pivot (fig. I)

BETA3D = 180.0 deg - angle between lateral axis
3atia line frorm no. 3 6car and ,.,'

Pinion assembly pivot to

escape wheel and pinion

assembly pivot (tig. 1)

BETA4D - 4 180.0 deg = angle between lateral axis
and line trom escape whieel
and pinion assembly pivot to

pallet assembly pivot (tih. e1)

Gear Parameters

PSUBDI = di 75.4 = diametral pitch of mesh no.
I (rotor and pinion no. 2)

PSUBD2 P~d2 96.5 = diametral pitch Ot mesh no.

2 (gear no. 2 aud pinion no.
3) '7"

19
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PSUBD3 Pd3 102.9 W diametral pitch of mesh no.
3 (gear no. 3 and escape
wheel pinion)

NGI NGI . 111 = number of teeth of rotor
(full gear no. 1)

NG2 NG2 ' 30 - number of teeth of gear no.2

NG3 fNG 30 - number of .eeth of gear no.3

NP2 Np2= 10 = number of teeth of pinion
no. 2

NP3 Np3 8 W number of teeth of pinion
no. 3

NP4 Np4 8 - number of teeth of pinion
no. 4 (escape wheel pinion) %Loe

CAPRPI Rpl = 0.73410 in. = pitch radius of gear no. I
(18.64614 m) (rotor)

CAPRP,2 R2= 0.15545 in. = pitch r idius of gear no. 2
(3.94843 mm)

CAPRP3 Rp3 = 0.14575 in. - pitch radius of gear no. 3
(3.70205 mm)

RP2 rp2 = 0.06635 in. - pitch radius of pinion no. 2
(1.68529 mm)

RP3 rp3= 0.04145 in. - pitch radius of pinion no. 3
(1.05283 mm)

RP4 r.4 = 0.03885 in. - pitch radius of pinion no. 4
(0.98679 mm) (escape wheel pinion)

THETAI 0 = 20.0 deg = pressure angle of mesh no. I

THETA2 = 0 = 20.0 deg pressure angle of mesh no. 2
2

THETA3 - 0 3 20.0 deg - pressure angle of mesh no. 3

RHOI P1  0.0770 in. W pivot radius of rotor
(1.)558 mm)

RH2 P = 0.0190 in. - pivot radius of no. 2 gear
2 (9.4826 rmm) and pinion assembly

20
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RH03 - P3  - 0.0154 in. pivot radius of no. 3 gear
(0.3912 mm)) and pinion assembly

RH04 = p 4 0.0154 in. = pivot radius of escape wheel
(0.3912 mm) and pinion nio. 4 assembly

CAPRB - Rbl 0.7115 in. base radius of gear no. I

(18.0721 mm) (rotor)

CAPRB2 Rb2  0.1425 in. = base radius of gear no. 2
0.6195 run)

CAPRB3 = Rb3  0.1340 in. = base radius of gear no. 3
(3.4036 mm)

RB2 rb2 10.04375 in. base radius of pinion no. 2
(R.01125 mm)

RB3 rb3 = 0.02700 in. = base radius of pinion no. 3
(0.68580 mm)

RB4 = rb4 0.02450 in. base radius of pinion no. 4
(0.62230 mm)

CAPROi = Rol = 0.75250 in. outside radius of gear no. I
(19.1135 mm) K'--.

CAPR02 - Re 2  0 0.16630 itn. = outside radius of gear no. 2 AL

(4.22402 mm)

CAPRO3 = Re 3  - 0.15615 in. = outside radius of gear no. 3
(3.96621 mm)

R02 = re 2  0.07585 in. - outside radius of pinion no.
(1.92659) 2

R03 re 3  = 0.04915 In. = outside radius of pinion no.
(1.24841 mm) 3

R04 - re 4  - 0.04660 in. -outside radius of pinion no. ___.
(1.18364 mm) 4

J= Ji 0 =initialization parameter for
mesh no. 1 (zero corresponds
to the earliest possible
contact of mesh, referenne
3)

J -2 = 0= initializ;'tion parameter for
"mesh no. 2

J3 = 0 0 initialization parameter for
mesh no. 3

21
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Angle Indexing Parameters

TANG = 160 deg escape wheel angle at which
coupled motion is no longer
possible (see reference 2 to
choose this angle)

NT 2 number of escape wheel teeth
spanned by the pallet pins
when in entrance coupled
motion

Parameters Needed for M143 Two-Rotor System

BD a 97.3 deg detonator rotor angle instarting position (app B)

RD rD, 0.17349 in. distance from detonator
(4.40665 mm) rotor pivot center to center

of mass . •

i) = 1D 6.9974 x 1O-0 in. l4-sec2 - moment of incertia of deto-
(7.9185 x 0n kg-r nator rotor

MD = mD 2.679 x 2 'n.-8ec /lb mass of detonator rotor p1.2
(4.699 x I0- kg)

Acceleration Defining Parameters

N2 number of points used to
define the acceleration
profile

TIM(J), where J = I to N time data points for accel-
eration profile (sec)

CA(J) axial acceleration data
points corresponding to
TIM(J) data points (g's)

GL(J) lateral (normal) accelera-
tion data points correspond-
ing to TIM(J) data points
(g's)

22""'
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RESULTS

The program M1I43SA and the computer output for the run which simulates the ~
M143 S6A in an 11.9 g centrituge arming test are listed in appendix D. The re-
suits predict S&A arming in 3.57 seconds. This falls well within the arming
specification of 3.1 to 4.2 seconds. The maximum non-impact contact torces cal-
culated in the program are as follows:

F 3 4 = 0.04 lbf FF34 = 0.03 tbt

(0.018 kg) (0.014 Ib )" -

F2 3 ' 0.20 lbt F "34 0 0.18 lbf
(0.091 kg) (0082 kg)

F1 2  0.75 Ibf FFI2 0.66 lb_

(0.340 kg) (0.290 kg)66-lb

Pk0.01 lbt
(0.005 kg)

LA

CONCLUS" PONS

With this simulation, an increased capability to andlyze various satin6 and
arming (S&A) mechanisms has been achieved. This capability to date includes
artillery S&A mechanisms (spin driven) with involute two- and three-pass gear
trains and pin pallet runaway escapements (ref 1), artillery SNA mechanisms in ani
aeroballistic environment with two-pass involute gear trains and straight-sided
verge runaway escapements (ref 4), and now missile and rocket S&A mechanisms with l.involute three-pass gear trains and pin pallet runaway escapements.

The computer simulation developed in this report has been shown to be appli-
cable to the PATRIOT M143 S%.A after some slight modifications. The results were
in good agreement with the specification requirement for this mechanism.

RECOMMENDATIONS

The M143 8afing and arming (SiA) mechanism is currently tLhe subject ol a
study to improve the producibility ot the device. Change." 6enerated through this
study may affect the timing function of the device. ihe computer siimulation i
developed here should be used in conjunction with laboratory testing to reconmeherld
adjustments to the escapement assembly so that the S,\A can continue to meet its
arming time specitication.

L
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APPENDIX A

DYNAMICS OF ROTOR DRIVEN MISSILE OR ROCKET S&A .MECHANISM WITH R

A THREE-PASS INVOLUTE GEAR TRAIN AND A PIN PALLET RUNAWAY ESCAPEMENT

27

U L-

...............
-.-.. .

.- ,. .

..%



This appendix gives derivations for a complete mathematical model of a mis-
sile or rocket S&A mechanism consisting of a rotor driven by axial acceleration,
a three-pass involute step-up gear train, and a pin-pallet runaway escapement.
The configuration of this model is shown in figure A-i.

This work was patterned to follow, to a considerable extent, work done by G.
G. Lowen and F. R. Tepper in reference 1. That work, in turn, draws to a large
degree on previous efforts by the above-mentioned authors; i.e., the dynamics of
the pin-pallet runaway escapement (ref 2) and the analysis of fuze gear trains
(ref 3). As in reference I and 2, the following three regimes of the mechanisms
are considered:A-. ,,

1. Coupled Motion

The escape wheel is in contact with one of the pallet pins while it
is driven by the rotor (gear no. 1) through the gear and pinion sets nos 2 and
3. The coupled motion differential equation is written in terms of the escape
wheel variable and is obtained by combining the solutions to the Newtonian force
and moment expressions for the individual mechanism components.

2. Free Motion 6?

The pallet and the escape wheel, gear train, rotor system move
independently of each other during this phase of motion. A differential equation
is required to describe the motion of each. The differential equation of the
pallet is expressed in terms of the pallet variable ip, and that of the combined
system in terms of the escape wheel variable ""

3. Impact

The formulation of the impact regime is taken directly from refer-
ence 2, except now the moment of inertia of the escape wheel and pinion no. 4
also contains the referred mass properties of the rotor and gear pinion sets nos
2 and 3. This impact simulation is based on the classical angular impulse momen-
tum model, where a coefficient of restitution is used to account for the energy
losses. It is assumed that the effect of the impact force between the escape
wheel and the pallet is significantly greater than the effect of the driving
torque of the rotor and the various retarding torques caused by friction. There-
fore, the driving torque of the rotor and the retarding torque are not considered
in the model.

The influence of friction forces is considered both in the coupled and free
motion regimes. There is friction at the escape wheel-pallet interface during
coupled motion, and there is friction between the gear teeth and at all pivots
during both of these regimes. As in references 1 and 3, the individual pivot
friction torques are obtained by the algebraic addition of the two friction
forces due to the x and y components of the normal bearing forces, rather than by -
direct use of the resulting normal forces. This conservative approach to fric-
tion is necessary in order to avoid difficulties which the presence of a square
root introduces into the solutions of various differential equations.

A-' For a more detailed description, consult figures in reference 2.
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The following outlines the derivations of the differential equations for
both free and coupled motion as well as the development of contact force expres-
sions.

Dynamics of the Pallet to Coupled Motion

The dynamic analysis of the pallet is most conveniently performed in the
primed coordinate system (fig. A-1). The coefficient of friction at the pallet-
escape wheel interface and at the pallet pivot has the designation pI

With A representing the axial acceleration of the missile and o. represent-
Aing the normal acceleration, the acceleration of the center of mass o the palletcan be expressed as follows (figs. A-i and A-2):

A AAj +ANi - r [cos (* + ip) t' + sin (4 + c) ]"

+ r•rcp [-sin (,+ * )i + cos (,4 + c) '] (A-i)

A coordinate transformation ie necessary to express AA and A in the primed
coordinate system N

A -(A sin B + A cos 84J (A-2)

Ai4- - AN cos 84i + N sin 8j, (A-3)

With the above acceleration expression and the free body diagram of figure A-2,
Newton's Law can be written as follows:

P n-Ia P n + F i-us F J,+ W s Fj J,
nn 14 nnt xp 1 5 yp 1 5 xp

= m 1- (AA sin 84 + AN Cos 84) "+ (AN sin B- AA cos 4) a

rcp [cos (,+ ,c i' + sin (,+ *c L

rcp [- sin (,' + ) " i + cos + cp ] ] (A-4)..

The signum functions introduced here, S4 and S5 , assure proper direction of the
friction forces at the escape wheel-pallet interface as well as at the pallet
shaft, regardless of the direction of pallet rotation. Thus,

s 4 = (A-5)

31

I_



I- o..-

0° 0)

94-

c0 0

co, .-

S~~I,,4 0 , .-.-

V x

I= 0)

lo:

0,

- ,.,44 -.'...

--- " --- 'I["-

i I,,,,i i

i,.. - - ,•::
' / "- -''I - -'-

- -I -..-....

32



and

S5 - (A-6)

(reference 2, eq B-1). The unit vectors n and n are adapted from equations A-!

and A-2 of reference .i t nl.•,.
.'.• -.

The moment equation of the pallet must be written with respect to the accel-

erated pivot O, i.e.,

M -- r x m r + 0 (A-7)0 p cp 0p'.',,, ,

p p p

where

M0 sum of all external moments with respect to pivot 0

ro - absolute acceleration of point Op
p

H = time rate of change angular momentum of the pallet with respect

p to point 0,

With the acceleration of the missile or rocket expressed in terms of axial

and normal acceleration, equation A-7 takes the form:

M -A A (sin .i. +Cos a J')+AN (cos 84 -
N 4 si4Bj

X m r (cos (' + •) i" + sin (p + J) + I p k (A-B)

Appropriate computations and substitution of all moments, according to fig-
tire A-2, results in the final scalar moment equation (the moment arms Al, B1 , C1 ,

and DI of reference 2 are now primed):

n (D+ C. .
1 4) p 5  + F

tP P+mp rc AA (sin (ý + csin B4 Cos (tp + 'P. Cos84

p p CP 4 sin)

+ AN (sin ({+ ý)cos B + cos {p+ sin (9)

where

Dý C cos ( a- - (A-1O) -

3 3
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Cj -[r + C sin ( a- c- (A-l1)

As in reference 3, F and F represent conservatively evaluated pivot force
xp yp

components which assure that the pivot friction moments are opposed to the rota-

tion at all times. The following illustrates how this goal may be accomplished.

The pivot force components F' and FO must first be obtained from component
XP yp

expressions of the equation developed using Newton's law (eq A-4). The component
expressions are as follows:

- p sin ( a -) - wj s P cos - a) + F' - P s Fs
n 14 n xp 15 yp

M A cos 4 A sin - r s +2 --

p N 4 A "4  " C

+ •, rcp sin (, + 'ci (A-12)

and

P cos (-a) -is P sin(- a) + F + ws F'
n 4 n yp 15 xp

= n2
si LA AJL A Cos $4-3 r sin +)YL .P cp .

+ p r Cos + 4) --
Cp (A-13)

The pivot force components Fp and F" are found through simultaneous solu-
xp yp

tion of the above component expressions. Subsequently, they are approximated as

F and F , respectively. The resulting c:-pces;ions fur F and F are given
xp yp xp yp

as:

yp A IPn 2 A2A i A3 AN k A4 t2 ± A5 ' (A-14)

F A 6 P n A7A A8 AN A9 ' 1  ~(-s

where
2

S(s, - s5) sin ( - c () - (i s 2 s cos ( O- c1

Al 1 4 2 (A-16)
I + 1JI

in tV cos 'q - ~isssn
A2  *= 2 si (A-1~7)

22

1 ++

m Lsin •4 - cos i 4)

I + J
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r , , 4, - sn (o+ I A
mn r

A. - (A-19)
1 + i ____

in r [I as sin ( cp + + Cos
"A5 2_- - - -- -" - - (A-2'0))

Li S W+ sin
A. 4 5 "s + + S4 5 1  (A-2 I

U I +...1

m P1JS5 Cos 04 +m sin 34
A7  (A-22)

1 + LA1 2--+
mp US5 sin 8 + m cos 8

A8  mp 15 P(A-23)
21 + L, 1

m cos J, + + )1 s sin C + 4',:
1+L1 2 '" A-24) •'

mp rcp sin (, + - 1J1  COS (, + ] 1-..,
tIo 2 (A-25) "+"

I. + uLAi"1.

+

To make the final decision concerning the signs of equations A-14 and A-15,
these forces are substituted into the moment equation (A-9), and the influence of
the direction of rotation on each of the resulting moment computations is ex-
plored:

P [D' + Cl• s 4 -0ps 5 (A 1 + A6 )] ± lS A\ (A2 + A)

S spA5 , (A3 + A8 ) ± s5  (A 4 + A9 ) P 1.S 5  (A5 + Ao(.

I + nm r [AA (sin (* + 4,c sin - cos (ý +' cos

+ N (sin + 'c)cos 84 + cos + ) sin B4 )] (A-26)

In order for the friction moments to appropriately oppose the motion, the
following signum assignments are made:

With s5 positive for positive rotation (CCW) and vice versa, while all
other parameters are positive at all times, the following moment components of
equation A-26 must have negative signs during positive rotation:

n 0 p U I5 (A I÷ A6) (A-27)
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- Pp P52 (A4 + A) (A-28) V"

The axial and normal acceleration terms AA and AN can be both positive and
negative due to varying flight patterns and decay due to air resistance. This

requires the introcuction of signum functions s 6 and s7. These signum functions
are assigned values in the following manner: 

'4 .. J

s6 "-1 for AA positive

s6 +1 for AA negative

and

s7 -1 for AN positive

S7= +1 for AN negative

With the introduction ot and the following moment components or equation
A-26 must have positive signs during positive rotation:

A AA PlS 5 (A2 + A7 ) (A-29)

+7 A p 1 3 IA. + A) (A-30)

The choice of sign for the friction moment term in equation A-2b, which is
proportional to the pallet angular acceleration u, is discussed in detail in
reference 1, appendix F. That work results in the computational rules of equa-
tLions A-36 and A-37, which deal with the sian of the eftective moment of inertia
IpR of the pallet. (Note that the signum functiou s5 has now been omitted.)

With these sign considerations, the moment equation A-26 becomes:

A P + A A + A A - A..'2
11 n 12 A 13 N- A1 4  "

= +pR m, r cp [AA (sin (2 4 
.) 

sin 34 - cos (• + c cos 34 J

+ N •sin (,p i cos •4 - cos (4' + ýc sin $4 (A-31)

where

Ail =D + C' •iS4 - puVs (A + A) (A-32)
S1 4 p 15 1 6

A1 2 = So0pU 1 5  )(A2 + A 7 ) (A-33)

A13 = S7 pu5 3 (A + A (A-34)

A1 4 = Ppus5 (A4 + A), (A-35)

IpR ' IF + A15 when a and • have the same signs kA-3b)
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TPR =lp - A, 5 when t and p have opposite signsA- 2  (A-37) '_

A1 5  0pU 1 (A5 + A10 ) (A-3d)

Equation A-31 can now be rearranged in order to yield an expression for the
contact force P.. This contact force is to be the common torte in the develop-
ment of the dynamics of the escape wheel. This expression will Later be used to
establish a single differential equation for the escapement in coupled motion.
Solving A-31 for Pill

-22

Pn 91 A PR 1 + A1 4  1- A 2 A- A1 3 AN

+ m r [A (sin (,p + sin a cos + Cos

+ A (sin (,+ rp) cos 4 + cos (p+ , ) sin •4]-
-+ c Co 4 +csc 4k A-39)

..The above equation can be rewritten in terms of escape wheel variables, "
and *. As in references I and 2,

=U + Vý (A-40)

and

LI (A-4l)

Substituting in equation A-39, the expression tor the contact force in teis,
". of the escape wheel variables is:

( U• +I V) A2 A A A •
+n = r A PR U• + (A1 4 + I v 2 - A 1 2  A 1A3 N

rrp CP A sin (1P+ ý)sin 64-Cos (+, ýc)os 4)

+ AN sin (•+ •) cosgos s ( +COS) Sill4] A-2 •

F

N- 42

A-2 Care oust be taken that I - A15 does not become negative. It this occurs,

IpR must be set equal to zero. For free motion, IpR cannot be zero since it
would make the values of indefinite in the Runge-KuLta solution.
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Dynamics of the Escape Wheel in Coupled Motion (Escape Wheel Incorporates pinion K'-

No. 4)

A free body diagram of the escape wheel and pinion no. 4 is shown in figure

A-3. The pivot forces FX4 and F as well as the forces F AA), and (m4

are now defined in the general (unprimed) x-y system. The unit vectors nt and nn e

must now be expressed In terms of the general coordinate system. From equations
A-I and A-2 of reference 2:

= cos - a) i" + sin (4 - a) j (A-43)

n = - sin (• - a) i + cos (0 - M) j' (A-44)

Equations A-55 and A-56 of reference 1

- cos i4 1 - sin 4 (A'-45) I'•

sin a i - cos 4 3 (A-46)
4 4

can be used to perform the transformation. The resulting equations are

nt - cos a- + C4 ) i - sin a- a + B4 ) *1 (A-47)

and

n _-. a + , 4 Cos a + 4  (A-48)

The expressions for the unit vectors n and n , as used in Ote analysis

of pinion no. 4 in reference 3, section A-la a%'e of rarher interest,

n sin (B + )i-cos (S +8) (A-49)

Cos .- )i+ sin (8 + 0 j (A-50)
N34 ~ 3 3 3 3'

With the use ot these unit. vectors and th'e tree body diagram (tig. A-3), the

force equation for counterclockwise rotation of the escape wleel assembly a.'

glveii by Newton's law is:A--

A-3-

A-3 See reference I, appendix F for description or motion reversal; i.e., clock-

wise escape whuel rotation. This may orcur alter severe impacts. V.

3S
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IL --

P n + In + FF n +F i + F i
n n 1s4nt 3 4  3 4  •s 3  34 N34 x4 y4

+ jiF - F j - M (A + A i) (-I
x4 y4 4 A j N (A-5 I

Note that the coefficient of friL-ion u is now used tor all pivots and 6ear
tooth contacts of the remainder of the mechanism trainA-4

Using figure A-3, the moment equation st the escape wheel for counterclock-
wise rotation can be written

P (A' + B;? u s)- i 4  +F) + rb4I3

-i 3 (d 3  a3 ) '34 '4 € (A52)

where

A - b cos c + g (A-53)

B'- b sin a (A-54)

The escape wheel pivot forces and F are derivr' in the same manner as
x4 y4

the pallet pivot forces. They are obtained from the cunponent expressions ot
equations A-51; i.e.,

- P Bin a~ + 84) - ~4 p1 1, Cos 01 + 84)

+ F sin ( 0 +0)+ ls F cos (8 + e) -m A
34 3 3 3 34 3 3 4 N

+ F +i F 0 (A-55)

x4 y4

P cos a- a+ 6)- s j• p sin ( -a+R
n 4 41 n 4

-F 3 4 cos (83 + 3) + s3 F 3 4 sin (83 + 63) - m4 AA

- Fy4 +j - 0(A-56)
Fy4 + Fx4

Simultaneous solution of equations A-55 and A-56 yields

Fy4 A16 Pn 17 F34 1A8 A 19 AN A-57)

A- Th AInu fuAnctions,-,,,

A-4 The signum functions sl, s2, and s 3 are defined in reterence 3 in connection i

with the tooth contact friction of various meshes.
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Fx4 A2 0 Pn +21 A F34 hA 2 2 A A A2 3 AN (A-58)

whe re

UA1 6 . . - ")) sin ( - a + 164) + (1 ++ ",uS 4 ) cos ( a - 4 + )

A - 3 ( - 3) bt:n (83 + 3) -( + I2 s) cos (63 + e3) (A-60)

"1A7  2 I

8= C- (A-61)

S-P m4 q-

A19  4 -- (A-62)

190  2I+
'J(+1484 ) Sin (83 + 3)+ u cPI - 5) Cos ( a 03)

A21  +2 (A-64)
4 (1 P 8 in (B + 8

-m4
A2  2 (A-65)

A 4 2 (A-66)

Noting that A1 8 - A2 3 and A19 - A2 2 , equations A-57 and A-58 are rewritten
dropping the unnecessary variables A2 2 and A2 3 °

Fy4 A16 Pn A17 F34 1A8 AA ,9 AN (A-67)

F A + P A F :kA AA
x4 20 n 21 34 19 AI8 N (A-68) A

These pivot forces are now substituted into the moment equation A-58,

- P (A; + Bý l 1 s 4 ) - U04 [(AI 6 + A20 P + (A 7 + A2 F3-

* (A1 8 + A19 ) A A (A18 + A 19 ) AN] + rb 4 F34

- s3 (d 3 - a 3 ) F3 4  14 , (A-69)
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Again, care must be taken to assure that the pivot friction moment opposes
the motion. The terms

t lp4 (A + A 9 )AA

and

t ,,, 4 ( A 18 + A 19) AN

must be negative for counterclockwise rotation. This is again accomplished with

the signum functions s6 and s7 Thus, the two above terms become

+s 6 P 4 (A1 8 +A19 )AA

and

+ S7 lp (A + A A
7 4 18 19 IN

Now equation A-69 can be solved for the contact force pn,

14I + A F + A A + A.
4 2 2  34 A2 3  A 24 A% (A-70)

A 25 
L

where

A2 2 = rb 4 - [s 3 (d.- a 3 ) + P4  17 A A ] (A-71)

A2 3 = s6 lp 4 (AI 8 + A19 ) (A-72)

A24 s 7 ip 4 (A18 + A19) (A-73)

A25 = A' + B' w4 + tP 4 (A1 6 + A2 ) (A-74)

Combined Coupled Motion Differential Equation for Escape Wheel and pallet

Two expressions have now been developed for the contact torce, P1 ' between

the pall,!t and escape wheel. 6y equating thle two equations A-70 and A-42, a
differentiO,. equation of the coupled mutLion in t•,r!n ot the escape wheel angle

is obtained,
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2 .
(A 2 5 IPR U + A11 14) I + (A2 5 A, U + A I V

25P 142 425 PR )*kc
A = A A22 F + (AII A + A 2 A - A mp r C siti ( + 4,) sin "

+ A2 5 i r cos ('P + tp) cos 84) A + (A A4 + A Ar4pep c 4 A 11 24 13 25

-A25 mrp sin (, + #C Cos a - A25 mpr r cos (ý + (p C 4 ) A-N
(A-7 5)

The system differential equation cannot be solved until the contact force.'
F is known. An expression can be developed for F3 4 by combining the appropri-
3434

ate differential equations for gear and pinion numbers 2 and 3 and the rotor

(gear no. 1).

Dynamics of Rotor (cGear No. 1)

A free body diagram of the rotor is shown in figure A-4. The acceleration

of its center of mass is given by

A AAj + AI- r [Cos(c + 1
CR A N I ci 1C 1

+ Cos + 1 c I
1c 1 (A-7b)t

,I.'

It is desired to continue to express motion in terms ot escape wlieel varia-

bles, 4, •, and 4,. This is accomplished by introducing the gear ratio whiich

relates the motion; i.e.,

N (A-77)
~ 4 1 $

-L= N4 1 � (A-78)
a41

where

-N N N
= P4 P3 P2 (-9N 41 N N N (A-79)

G3 G2 01

The rotor angle + ý is expressed as follows:

lc +

1C + Ic + !4 41T (A-80)

where _ represents the total rotation ot the escape wheel from the inception ot

the motion. (The section on Additional Program Features describes the manner in
which T is obtained as a function of the instantaneous angle 4.)

43 r.,

'77.



A,

AA

F21Ff 21:"

1 
• .p.:

rc b di fr r g n.

S.- 
.. • Fy I --, -'

44l

Figure A-4. Free body diagram of rotor (gear no.

~~~~ --.. . . .-.. .. . . . . . . . . . ."- - .



Equation A-76 can now be rewritten as,
AC = AAj + A i - (N4 *)2 r¢. [cos ('I + N4 *T) i.

CR A N 41 c-I [Ce IC 41T

Ssin ( + N + NJ1 r [-sin (l + 1 4 ') i
Ic 41 41 ci Ic 41 r .

+ Cos (Ic + N4 1 ýT) (A-hi) -

With figure A-4, Newton's force equation can now be written tor clockwise
rotation of the rotor.A-5

- F n -usI F n -Fi + F j+ F i=mA (A-82)
12 12 1 12 N12 xl yl x. 1 CR

where

n sin +e)i o(A- 3)
12 ' 1 1 - ' 1 1

nNl 2 acos (81 + 61 1 + sin (BI + 1 jj (A-84)

(ref 3, eqs A-78 and A-79).

Further, in figure A-)',

F - F n (A-85) 1•1
21 12 12 a-

and

F ps F n (A-86)
f21 1•12 N12 A'

(ref 3, eqs A-103 and A-104).

The moment equation must be written in the manner ot equation A-7 with re-
spect to the accelerated point 01. The pivot friction reactions F and F are-
treated so that the associated friction moments retard the clockwis rotatYon ort
the rotor. This leads to

RbI F12 k- 4s1aI F12 k + tpI (Kxl + " yl) khi 12 11)2 1 ....

LA A + x i) m m rc, [eos (cIc + Nv41 T

+ sin (ýIc + N4 1  T) j+ I * k (A-87)1

Performing the cross product, and then simplifying, the moment equation becomes:

A-5 Description of motion reversal, reference 1, appendix F.
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I.'.R F P- as F + lip
bi 12 1 112 ~1 (FI g

cU r Cos + N4  4T) A - m r sin (* +

A I NiI
+ II N4 1 ¢ (A-88)

The force equation A-82 can be rewritten as two component expressions which,
through simultaneous soluticn, give the forces F and F •YI y l y

F12 sin (a1 8) - sI F 12 cos (81 + e) - Fxl + l Fylm•IN ('4•;)2 C•os ¢c
- 'A - rcl N4 1  T)

- N41 € rcl sil (ýIc + N41 %T)J (A-89)

and f
F2 cis (B1 + 8t- ls 1 F sin (a + 0 + F + u F

121 1 12 1 1 yl xl

fA -AA (N r) sill( +
I AA _ 41 1c v41 i

4N1 rci s c + N4 1  T) (A-90)

Simultaneous solution yields

Fl = A 2 6 F1 2: A2 7 AA + A2 8 AN ± A2 9 (N41 ()2 : A30 N4 1 O (-,.),

, *2
Fx 31 12 28 AA A2 7 AN A 3 N

where F

= (I + sin (B 81)+ (jig ') Cos + a
An 1  (A-93)

++ )

inu

A2 3  2) (A-95)
(i +

in r(1 + (.

A2  - ( Iu " lc + ý +s in C 41 ý (A-9b)

r., r , cos , + 41 T sin ( ic + 41 OT)]A lr: C° l (.A-97)
A3 0  2( +
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r V rWP-t' Xg' r 2.. JU% jrr.r ýF w-4r. tw.vi i.r w v* sma a, - S- -- -- .--

(s • - l sill rB + 6 ) + , U 1 + t c • { + S, os
A -s (A-98)

31( + 2

c 41 N4 1  T(A-99)

(I + }

S [,. cos (t.+ N 1  T' n +
ci ~ ~ 4 2 + si ~ 41  T' AlG

A334-=-m l A10
+ (1 ) I

Equations A-91 and A-92 are now substituted into the moment equation A-S8,

SRbl F 12 -tsIa I F1 2 + ipI [t (A 2 6 + A 31) F 12

S(A27 + A28 ) A t (A27 + A 2) AN i (A29 + A 32 N 4 2

(A27 A27 2 N 32 rKos +i
* ( 30 + 33) 41 *1 - vs r 1  cos I Sc + N4 1  T AA

- mI rci sin Ac + N4 1  T) AN + 1 N4 1 < (A-1l0)

Again, care must be taken to assure that the friction moments oppose the
motion; i.e., are positive for clockwise rotation. In order for t0is to be true,
the following terms must be positive:

tip F (A + A3 1 )
112 '26 3

*2 -,A + A32
Vi1 4,~ 29 32

and the following must be negative:

- 6 lip1 A A (A27 + A28)

-S7 tWOl AN (A2  + A2 8 )

remembering that the signum functions s6 and s7 are defined in such a way that
the products s6 X AA and 57 X AN will yield a negative number.

To determine the sign of the pivot friction moment which is proportional to

the angular acceleration 4 of the escape wheel in equation A-i10, the ideas pre-
sented in reference 1, appendix F are used. In order to accomplish this, let the
coefficient of friction i of this term become absolute so that it ceases to serve
as a directional signum function in the sense of reference 1, appendix E. Fur-
ther, let the expression be changed, for the time being, so that it becomes a

function of the rotor angular acceleration 4 . With the above, a 'n the sense
of equation F-2, reference 1, appendix F, ihe absolute value of -'., friction
moment MAA may be expressed as
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MAA 1 3(1, A 33) '1
From this point on, one may use the reasoning of reference 1, appendix F direct-
ly, keeping In mine rhat (A and are now used instead of A2

P 30 A3 3) 22

and p, respectively. '

As in the four cases of reference 1, appendix F, the effective moment of
inertia I takes two forms:

I I + IPl Pl (A 3 0 + A3 3 ), when and l have the same sign (A-102)

IR 1 1' and have1

1 0 01 30 + A3 ) when an hv opposite signs (A-103)

The moment equation, A-101, gives all relevant cxpressions in terms of the escape

wheel variables p and (p. Since they are both proportional to and 5 by the
identical gear ratio N4 1 , one may readily extend the above computational rule to
tile escape wheel variables.

The above considerations give the moment equation the following form:

F R -R Wa + (A A s6" (A27 + A) AA12 bi 1 1 1 26~ 31ý 6 2 28 A

- s 7 POl (A2 7 + A2 9) AN + "PI (A29 + A3 2 ) N4 1 2 $2

= m C r 1  cos (c + N4  T) A - ml rl sin ( +Ic 41 N A

+ IIR N4 1 • (A-104)

Solving for F1 2

A3 5 A• + A36 A + A37 41 2 + IR N4 1  1
F12 A (A-105)

where:

A3 4 - Rb W - I + a P1 26 +( A ) (A-106)
S+ N T (A-107) V

A3 5 = s86lpI 'A 2 7 + A2 8 . + m1 rc c1  s (01c N4 1

A3 6  7 s70o IA. 7 + A2 8  1 ci sin (c + N T (A-108)

A = ' A 4A I(A-109)37 1-C°1 2Q + 32(
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Dynaaics of Gear and Pinion Set No. 3

The equations for force and moment equilibrium oL) and about gear atid piiiion.-

set no. 3 are developed similarly to the work shown in referenice 3, pp A27 - A32.
In this case, however, the inertia forcc T3 is omitted and replaced with m3 (AAJ

+AI). Letting

*3= N 43

with

N -P4 (A- 110)
43 N.

G3
the force and moment equilibrium equations are as tollows:

Force Equilibrium •

F 2 3 n 2 3 -1s 2 F 2 3  nN 2 3 -F 3 4 n34 -us 3 F34 n34 + F x3

- m F i - F j F j M3  A + 3 An A-lla)
y3 y3 x33 A 3 AL

Moment Equilibrium

R F s - sa F -r + WuS (d .-aJF r.b3 34 3 3 34 b3 23 2 2 2 23

+ ip 3 (F x3 + F y 3 ) 1 '3 N43 * [A-l11b)

The force equation can be rewritten in component form as:

-F sin (B - ) + is F cos ((2- 2)-F sin (B+ )
23 ~2 2 2 23 2 2 34 33)

- iis F Cos (B + + 1 -- in Ai =0
3 34 3 3) + Fx3 F 3  3 (A-112)

and

F cos s- 0) + us F sin ( e2 - 2 + F cos (8 + 0
23 2 2 2 23 ~ 2 2 34 ~ 3 3

- us 3 F 3 4 sin (B3 + 03) - F 3 - j FX3 - A = 0 ,-"-3 343 3 y A-I 13) """
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Simultaneous solution of equations A-112 anu A-113 yields the following .
resol.ts:

F eA F A A A F A (- 14)y3 38 23 39 A 40 4N ± A 1  34 (A-114)

F x3 i A 42 F23 A 40 AA A 39 AA i A43 F34 (A-1 15)

where
A38  (+ 2) -cos (-2- -2- ) sin (22 - 0 (A-116)

1 + 2

A3  32 (A-1 17)
1 +

-m 3"
A4 0  -2 (A-1i)8)

A41 3 2s(A-l+9)3'33)"'...9

1 +. .
S2
+I + 2) sin (B2 - 02) + (I - s2) cos (2 - 02) (- ).A42 2(A-120)

S+

A4 3  - 'Bs)sin 3 + 63) + (i + s3) Cos (B3 + 03) (-12
2

The moment equation, A-111b, can now be rewritten with the evaluated friction
terms. Again, the s.igns are chosen so that the friction forces oppose the mo-
t ion.

Rb3 F34 - 3a3 F34 - b3 F 2 3 +1s 2 (d - a2) F232 2. 23

,O " 1 - s6 + ) AA s7 39 +40 AN""'
3 A38+AJ 23 6 (A3 9  A 4 0  -

+ F A +~3) AN
34 41 4 3 3 43 (A-122)

The momlit equation can now be solved for the contact force F2 3 :

A44 F 34 + A45 AA + A46 AN - 13 N4 3 • (A".F 3A4(A-123) '. .
23 A
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where

A4 4 - Rb 3 -0 s 3 a 3 + up 3 (A4 1 + A4 3 ) (A-124)

A4 5 = - WP3S6 (A3 9 + A40) (A-125)

A4b= - W03 s 7 (A 3 9 + A4 0  (A-126)

A4 7 = rb 3 - [s2 (d2I - a) *+ P (A3 8 + A4 2 )] (A-127)

Dynamics of Gear and Pinion Set Number 2

The moment equation of gear and pinion set number 2 is developed and solved

similarly to that for gear and pinion set number 3 by replacing T2 with inm (AN i,

+ A j ' in reference 3 and using the free body diagram in reference 3, p'agc A-35.
A

-The force equation is divided into its component parts and solved tor FX2
and Fy2 with the following results: x2

""" = A F ±A A t A ± A F (A-128)
48y2 48 - 49 A 50 I 51 23

F X2 A 52 F 2 tA50 A A 49 A N 53 F23 (A-129)

where

""' (sl - i) sin (I • el) - (U25l + cos us + 6
A4 8  2 (A-130)

h+
A4 9 = (A-131)

1+i

.: m2 . (A-132)
1+ 21

SI~~~I + PI".-

. (2 s I Co +gA - 2) (2 2 + sin (S . 2)0
51  (A-133)

A5 2  2

IA5V1 s n 1 1 + 61)-

A5 2 = 2 (A-1i34)

;"2 sin.

I - ý +(I + s 0
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Again, ITn writing the moment enuption, signs are chosen and signum functions are
employed to ensure that the fri,-'onal forces always oppose the motion.

- Rb 2 F2 3 + s2a F2 +'rb 2 F2 -us (d -a) F2

-48 52 2 A49 l) A - S (A + A 5) A

~2 LA 48 52 12 6A9 0  A 7 49 50 N

(A5 1 + A5 3) F 2 3 ] = 12 N4 2 € (A-136)

where

2 N4 2  (A-137)

anti
N NP4 P3

N (A-138)"42 NG3 NG2 SFI2 2654~G 023 A5rF2

Finally, equation A-136 is solved for F12 yielding:

A2 54 F23 + 55 AA + A5 6 AN + 12 N4 2  (A-13..F (A-139)
12 A

whe re

A5 4=Rb2 + ip 2 (As + A 5 3 ) - a (A-140)

A5 5  - iO 2s 6 LA4 9 + A5 () (A-141)

A56 - p2 s 7 (A4 9 + A5 O) (A-142)

S~~~~ 491  a0) 2( +A )(-4
A5 7  r b2 - Ws, (d1 - a,- "P2 (A48 A 52 (A-143)

Dynamics of the Combined System in Coupled Motion

1EuIiation A-75 is the differential equation of coupled motion of the entire
system in terms of the escape wheel variable 4. In order to solve the equation,
an expression nust be developed for the contact force F34. A combination of
eqiiations A-10 and A-139 (both expressloas for the contact force F1 2 ) will yield
an expression for the contact force F 2 3 . The resulting expression for F 2 3 can be
C,,nhied with equation A-123, also an expression for F 2 3 . This will lead to an
expres.sion for the contact force F3 4 . Combining A-lOS and A-139 yields:

F -(A A *A A A+ A AA A23 A I LA35 57 A34 A 55 AA + (A36 57 3 A 56 AN
34 A'4

-+ 'A3 7 A5 7 N4 1 -. • + (A5 7 N4 1 fIR 34 12 N4 2 ) ] (A-144)
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Now, combining this equation with equation A-123 rt:ults il an expression fur
F 34 : l [(A3 A A A A A

34 A A 4 A 3 5  4 7 A5 7 -A 3 4 A4 7 A55 -A34 A45 A54 A
54 34 45544

+(36 A47 A57 - 34 A47 A56 - 34 A46 A54 AN

(A A A54  + (A A N I + A A IN
37 47 N4 1 ) + 47 57 41 IK 34 54 3 43

A34 A47 12 N42) ]A-145)

Now this expression tor the contact force F3 4 can be substituted into equation A-

75 to give the differential equation of coupled motion or the system:

A + A ;2 A A + A A (A-146)

A854) 59 A6 0 AA 6! &'

where

AAA I I A 22 (A A N
D 25 PR 11 4 A A 47 57 41 IR

34 44 54

+ A A I N -A A I N(-17
34 54 3 43 34 47 2 42(A17

q A A '2 +A I A 11 2237 A47 57 2 (A-18)
14 25 25 PR A A A41A34 A44 A54

°..

A• A2 2

A6 l(A2 A A A -A A A -A A A
A3 A A 35 47 57 34 47 55 34 45 54

+ A A + A A -. A m r sin (.p + •p ) sin 4
11 23 1 25 2 p cp 4 s

2 p cp 2 c os 4 kA-149)

A A
A1 22 ( A - A'A

A6 1  A A44 A 36 A47 A57 A 334 A47 A56 A 34 A46 A54)

34 44 '54

+ A A + A A - A m r gin (+,ccosB,
11 24 13 25 25 p cp C, 4

A25 m r cos (+p +p J sin 6 4  (A-150) '.i
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DIFFERENTIAL EQUATIONS FOR FREE NOTION REGIME

The differential equations of free motion of both the pallet and the escape
wheel, gear and pinion no. 3, gear and pinion no. 2, and the rotor system can be
developed from coupled motion expressions previously established.

Free Notion of the Pallet

Equation A-39 is an expression for the contact force Pm between the pallet
and escape wheel. By setting P equal to zero, the differential equation of tree
motion of the pallet is obtained.

A6 2  + A14 A2 =A 6 3 AA + A64 AN (A-151)

where

A6 2 = IPRA-6 (A-152)

A6 3 = A12 - mp r cp(sin (4' + ý J sin a - cos (q + 4c) cos a4 (A-153)

A6 4 = A1 3 - m r (sin (0 + PC) cos $4 - cos (ý + *,c) sin S4) (A-154)

Free Motion of the Escape Wheel, Gear Train, and Rotor System

The differential equation can again be developed in this case by first al-
lowing che contact force Pn to equal zero. This is done in the escape wheel
expression (eq A-70) yielding:

14 A2 2 F + A2 3 AA +24 A (A-155)

Now equation A-145, an expression for the contact force F34, is substituted into
equation A-155, resulting in the desired tree motion differential equation:

A65 + A66 A 67 A A68 AN (A-156)

where
¾\ 2

A6 5  14 -A 3 4 A4 4 A5 4 -A47 A57 N41 1IR + A34 A54 13 N43

-A3 A47 1 N) (A-157)

A-b For free motion, IPK cannot be zero since it would make the value of 4.

indefinite in the Runge-Kutta solution (footnote A-2).

54

.. .. .. . .. . ..... . .°,- -. ,2



r.-77, T•

S.-.

A A22 A37 A47 A57 N41 (A-156)

34 44 54 -

A67= A 22 (A A A -A A A A A A + A2 3 (A-159)

A34 A44 A54 35 47 57 34 47 55 34 45 54 2

AA22..-

A68 A A A (A 3 6 A47 57 34 47 56 34 A4 A5 4 ) +A 2 4(A-160)

34 44 54

Contact Force Expressions for Coupled and Free Motions

In developing differential equations to model the sys'tw, various contact

force expressions have resulted. These contdct force expressions cdn be uiektul

in component strength calculations. The contact forces will vary according LO

whether the escape wheel and pallet are in free or coupled motion; thus, two sets

of contact force expressions are shown here.

Coupled Mot ion

According to equation A-145

F [ (A AA -A A A -A A A )A
34 A A 5 35 47 57 34 47 55 34 45 54 AF3 34 A44 A54 •.

+ (A 3 6 A4 7 A5 7 - A3 4 A4 7  56 34 A4 6 A 5 4 ) AN

(A A A A A" N I

+ (A 3 7 A4 7 57 N41 2 57 R41 "

+-A A I N -A A I IN
(A-161)"

34 54 3 43 34 47 2 '421 A161

According to equation A-123

A F + A A + A A-I IN
44 34 45 A 46 N 3 N43 ,

F (A-162)
23 A4 7

47.

According to equation A-139

A5 4 F 2 3 + A5 5 AA + A A + 12 N 4 254 23 5A-1A56 , 4(.6

12 A5 7  (-63
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The contact force P between the escape wheel and pallet may be expressed in

terms of either the escape wheel variable 0 or the pallet variable '. Therefore,
according to equation A-70,

- 14 4'+A 2 2 F 3 4 +A 2 3 AA + A2 4 AN (A-164)

n A25

or according to equation A-39
• 2.ih

P -A 1J P + A -p - A - A
ni- A '{PR + 14 12 AA- A N3 AN '.'

+ m r fA (sin (0 + 'p ) sin 4 -cos (P + cos
p cp A c 4 c-

+ N rsin (* o + cos 6 + (os) sin (A-165)

Free Motion

Here, by definition, Pn = 0. The contact force FF34 can be obtained by

taking, the contact force expression A-70 and setting Pn = 0. This results in the
following equation:

14 4- A2 3 AA + A 24 ANA

F3 A (A-166)FF34 =A2 ..

22

The expressions for FF23 and FFI2 can now be developed by replacing F 3 4 with FF 3 4

and F,, 3 with FF2'ý in equiations A-162 and A-163, respectively.

A F A A +ANF44 F34 + A4 5  A 46 AN - 13 N4 3  (A.1= A(A-167)"-

FF23 A47

F A4 FF23 + A55 AA + A56 AN+ 1 2 N 4 2  (A 68FF = 5 (A-168)
F12 A
F12 57

Changes in Impact EKpressions

The Impact description of reference 2 basically remains unchanged; however,

a-; In reference 1 , pp 72-73, the total moment of Inertia ISTOT of the escape
wheel is increiised by the inclt ion of the rotor atnd gear train. Therefore,

2 N 2 2 IA-141
ISTL)T =4 +3 N43 + 2 N42 1 N41

%r



whe re

14 = escape wheel - pinion no. 4 moment ot inertia

13 - gear and pinion set no. 3 moment of inertia

12 gear and pinion set no. 2 moment of inertia

= rotor moment of inertia

See equations A-79, A-110, and A-138, for the gear ratios.
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APPENDIX B

PROGRAM MISLSA
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170 PROGRAM MISLSA(It4PUT.OUTPUT,.APES*INPUT,TAPE6.OUTPUT)
180 COMMON A.B,C,R,ALPHR.PI.ZZ.,1M.2,M3,M4,PwII,12, I3,I4,IP.EREST,LAM190 1 PDA.DELTA, PHI TOT, PHI PRN41,.N42,N43,0OMEGA, OM2,RCI,PMI IC, TEST1, TEST2200 2,TEiT3,NC .NG2,NG3,NPaoNP3,NP4.CAPRBICAPRB2.CAPRB3,RB2,RB3,R04,TH

210 3ETAI ,THEA2.THETA3,RI.R2,R3.R4.R5.RHOI RHO2,RHO3.RHO4,RHOPJ1,J2,J
220 43.BETAIBETA2.BETA3.BETA4.DID2.D3.AL1IN.ALIFIN J TANG HT,
230 6AL21N.AL2FIN.AL3IN.AL3FINALPHAIALPHA2.ALPHA3, iNT2.T3,T4,MU.MUl,
240 7RCP,PSIC.Sl.S2,S3,S4.SSoA1,A2,A3,DPH!2.DPS12,F34MAXF23MAX,F1arAX,
250 8FF34MAXFF23MAX.FF12MAX.P(IMAX.PNICUTD.AA,AN.S6,S7
260 COMMON /ZETA/ PSI.TIME,G,DPSI,GP
270 COMMON,'GCk/ TIM(1ee),GA(Iee).GL(100).N
280 DIMENSION AUX(8,2). AUX2(8.4). PRMT(S), PHI(2), DPHI(2). X(4), DX(
290 14)
300 REAL Mt,M2,M3,M4,MP.1,I22,I3,I4.IP,LAMBDA.KN41,N42.N43.J1.J2,J3,N
310 10I.NC2,NG3,hP2,NP3.MP4.fUoMUl
320 EXTERNAL FCT,OUTPFCTF,OUTPF
330 C
340 C READ IN AND URITE DATA
35 C
360 UPRTE(6,300
370 300 FORMAT (,ESCAPEMENT DATA'///)
380 READS5,22)A,BC,RoALPHA
390 URITEt6.231 A.BC,RALPHA400 READ(5,32) BETAI.BETA2,BETA3,BETA4

410 URITE(6.41) BETAD,BETA2.BETA3,BETA4
420 READ (5,24) EREST,LAMBDADELTA
430 UPITE t6,25) ERESTLAr1BDADELTA
440 URITE(6,30I)
4S6 301 FORMAT(///*MASS PROPERTIES*'//)
460 READ (5,26) MI,M2,M]°M4,MP
470 WRITE 16,27) MI,M2,M3,M4,MP
480 REAL (S,26) I1.12.3,14,IP
490 WRITE (6.28) 11,12,13,14,IP
s00 UPITE'6,302)
610 3e2 FORMAT(///4MISCELLANEOUS PARAMETERS'///)
520 READ (5,29) RCI.RCPRNOP.PHIICPSICCD.PHIDoPHICUTD.MU.RU1
530 URI-E (6.30) RCI.RCPRHOP.PHIICPSICCD.PHIDPHICUTD.MU.MUI
S40 URITE(,.303)
SS0 303 FORMAT("'GEAR PARAMETERS'///)
S60 READ (5,31) PSUB.1.PSUBD2.PSUBD3,NQI,NG2,NG3oNP2,NP3,NP4,CAPRPI.CA
570 IPPP2P,CAPRP3,RP2,RP3,RP4,THETAI.THETAR,THETA3
Sao WRITE (6.35) PSUBDI,PSUUD2,PSUBD3,NGI,NG2.NG3.NP2.NP3,MP4,CAPRPI,C
s90 1APRP2,CAPRP3,RP2.,RP3.RP4,THETA1,THETA2,?HETA3
600 READ (5,32) RHOI.RHO2,RHO3,RHO4
616 WRITE (6,3?, RHO1.RHO2,RHO3,RH04
62e READ (5,33) CAPRBICAPRU2,CAPRD3,RB2.RB3.RB4
630 URITE (6,38) CAPRBICAPR32.CAPRB3,RB2,RB3,RB4
640 READ (5,33) CAPROICAPRO2,CAPRO3,RO2,RO3.R04
650 WRITE (6,39) CAPROI,CAPROaCAPRO3,RO2,RO3,R04
666 READ (5,34) JlJ2,J3
679 URITE (6,40) JI,J2,J3
680 WRITE(6,304)
69$ 304 FORMAT(///*ANGLE INDEXING PARAlETERS6//")
70# READ(5,89) TANG,T
710 URITE(6,9) TANG,NT ,-

720 URITE(6,3@5
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730 305 FORMAT(///'ACCELERATICN PROFILE DATA"///)
740 89 FORMAT (FI0.3.13)
750 90 FORMAT (3X,*TANG - ',FIO.3,3X,'NT - ',13/)760 READ (5.91) H
770 91 FORMATI13)
780 READ (S,92)(TIMI(J).GA(J).GL(J),J-tlN)
790 92 FORMAT (3F10.3)
800 WRITE (6,93) (TlM(J),GA(J).GL(J),J-I,N)
810 93 FORMAT (F10.2,4X.Fl.8,4XF18.2/)
820 WRITE (6,94)
830 94 FORMAT(//.,///)
840 C
850 C
860 C INITIALIZATION OF PARAMETERS AND CONVERSION TO RADIANS
860 C
880 C
890 J-0
98o TIME.0.
910 PHITOT.8.
920 PHIPRPNID
930 DPHI2-0.
940 DP512-0.
958 F34MAX-0.
960 F2JMAXe0.
570 F1M2AX-0.
980 FF34MAX,0.
990 FF23MAX-0.
10 FFI2MA,.0.
1t1 PHMAX-0.
1020 PI-3.14159
1030 ZZ-PI/180.
1040 PHI1C.PHIICtZZ
1050 PSICC'PSICCDOZZ
1060 PSICPSICC1070 ALPHR-ALPHAtZZ

1090 C COMPUTATION OF GEAR RATIOS
ItOS C
1118 N41--NP2ZNP3ZHP4/(NGI8NG29NG3)
1120 N42-NP3:NP4/(NG2RNG3)
1130 N43,-1P4/NG3
1140 C
1150 C CONVERSION OF PRESSURE ANGLES TO RADIANS
1160 C
1170 THETAI.THETAItZZ
1128 THETA2.THETA22ZZ
1190 THETA3-THETA3$ZZ
1200 C
1210 c DETERMINATION OF GEAR TRAIN CONSTANTS
1220 C
1230 TESTI*TAN(THETAI)
1240 TEST2-TAN(THETA2)
1250 TEST3-TAN(THETA3)
1260 DI*(CAPRDIR38 )ZTAN[(TETAI)
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1329 ~~~ ~ I C7 CAL ALF NAPRpR2.TCTA.CARO1.O2.L1I.ALF

1270 D2- (CAPRB2+RB3 )*TAhNTIETA2)
1280 D3o(CAPRB3+RB4 )tTAN(THETA3)

1300 C DETERMINATION OF EARLIEST AND LATEST POSSIBLE VJALUES OF ALPHAS1310 C
1320 CALL ALFA (CAPRBloRB2,THETAI oCAPROI ,RO2.ALI.I IALIFIN )

1330 CALL ALFA (CAPR-2.R83.THETA2,CAPRO2,RO3,AL2INAL2FIN)
1340 CALL ALFA (CAPRS3,R34.THETA3.CAPRO3,RO4,AL3I, AL3FIN)
135O C
"1369 C INITIALIZATION OF ALPHAS r.. .

1370 C
1380 ALPHA1-ALIIN+(AtL1FIN-ALIN))J1"
1390 ALPHA2-AL2IN+(AL2FIN-AL2IN 9J2 -

1400 ALFHA3-AL3IN+LAL3FIN-AL3IN)*J3
1419 C
1420 C DATA~ FOR RUNGE KUTTA
"143(, C
1440 PRMT(2) -0.
1450 PRMT4)-.01"
1460 t4DIM.2
1479 ND24 H..,
"1480 PHI(fl)PHIDSZZ,
1490 PHI(2)-.0

151i C COUPLED MOTION
1520 C , "
1S39 c PRMT(1 )-TIME

1540 PRMTC3):...eee
1s59 DPHI(1).5
1560 DPHI(2)- .5
1570 IF (PHITOT.GT.30..AND.PHITOT.LT.(PHICUTD-30.)) GO TO 2
1580 URITE (6,42)
1S59 2 CALL RKGS (PRMTPHIDPHI,NDiM.IHLF,FCTOUTPAUX)
1609 IF (PRMT(5).EO. 1.) GO TO 21
"1610 IF (PHITOT.GE.PHICUTD) GO TO 21
1629 C
1630 C TEST FOR ENTRANCE OR EXIT ACTION
1640 C
1650 IF (G.LE.e.) GO TO S
1660 PHID.PHI(1)/ZZ
1670 IF (PWID.LE.TANG) GO TO 3
1680 GO TO 4

"1708 PHIPR-PHI(I)/ZZ
1710 PSI-PSI+Z. PI-LAI9DAIZZ
1720 PSICPSICC+LAMDDASZZ
1730 GO TO S
1749 4 PHI(I)-PHI(1)-DELTA•ZZ$(NT*I.)
1756 PHIPR.PmI (1 )/ZZ
1760 PSI-PI • IP I÷LNA DASZZ
1779 PSIC.PSICC
1789 C
179. C FREE MOTIONIs#$ c tj"
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12l0 S PRMTtI.-TIME
1820 XC1 )-PHI(l )t
1930 x(2'.PNI(2)
1840 X(2)-PSI _

1950 X(4 )'DPS I
IS60 DX(1)*.25
1870 DX(2)k.25
1880 DX(3) .25
18s0 DX(4). E-2
1900 PRMTt3)-P( .0 --
1910 IF (PNITOT.GT.30..AMD.PHITOT.LT.PHICUTDJ.)) GO TOE6
1920 URITE (6,43)
1930 6 CALL RKGS (PR-TXDXN0I92.INLF.FCTF.OUTPF.AUXB)
1940 IF PHITOT.GE.PI4ICUTD) GO TO 21
1960 PHI()..X(2
1950 PHI(4).X(2)
1970 H.2.S(3ECOS(ALPIR).A.COS(PHI(1)-ALPNR))
1980 K.AZA4B*8,RSR-C*C.2.*DSRSSIN(ALPHR)t2.SA$*BCOS(PHI(1))32.SAtRISINf
1990 IPHI(3)-ALPHR) - -

2000 GONER -H.SORT(N*H-4.K) )'2.
2010 GTU*L RK-H-SPRT(HZN-4.DK) "2.
2920 IF (AT5(GOME).LT.ASCGTUO)) GO TO 7

2030 G.GTUOL
2040 GO TO S
2050 7 Q.GON(
2060 8 PHI D*PI,( I )-ZZ
2076 IF (GP.LT.O.) GO TO 11L
2080 IF PHID.LE.TANG) GO TO 9
2..90 GO TO 10
aloe s PHI(1).PNI(L).DELTASZZZNT
Zile PHIJPP.RIt(I )/ZZ
2120 PSI*PSI+2.UPI-LAMDDA2ZZ
21306 PSIC-PSICC.LAflDDAtZZL

2150 10 P.IH+1)PHI(1)-DELTA*Z.S(NT P-.)
2160 IPHIPR-PHI(I )/ZZ
2170 PSITPSI-2.TPI+LAM-DAZ) '

2180 PSIC*PSICC
2190 GO TO 5
2200 11 IF (PHID.LE.TANG) GO TO 13
2210 C
2228 C EXIT ACTION Io
2230 C
2240 C COMPUTATION OF VELOCITIES VP AND VS FOR EXIT ACTION
2250 C
2250 AONE-B1COSCALPHR).G
2170 DONECICOS(PHI( i )-ALPHR-PSI

2280 UP-DONESDPSI
2290 VS.AONE*PHI(2)
2300 IF (PHITOT.GT.30..AND.PHITOT.LTdPHICUTD-3S.)) GO TO 12
2310 IPRITE (6,44) PUS
2320 C
2330 C EXIT ACTION TEST
2340 C
2350 12 IF CPHI(2).GE.@..-A4.DPSI.GE.0.) GO TO IS
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23619 IF (PHI (2) GE.G. .AND. DPSI. LE. S. .AND.ABSI.VP. GT. ADS WS)) GO TO 5
2370 IF (PHI(2).GE.0..AND.DPSI.LE.O..AND.ABS(UP).LT.ABS(VS)) GO TO IS
8380 IF %PHIN2).GE.0..AND.DPSI.LE.6..AND.ABS(VP).EQ.AISCUS)) GO TO 1
2390 IF (PHI(8e.LE..,.AN4D.DPSI.CE.e..AND.ABS(UP).GT.ABS(VS)) GO TO IS
2460 IF (PHI(2,.LE.0..AlID.CPSI .GE0.e.AHD.ABS(VP).EO.ABS(VS)) GO TO 1
2410 IF (PHIt2J.LE.0..AND.DPSI.CE.e..AND.ABS(VP).LT.ABS('jS)) GO TO 5
2420 IF (PHI(E).LE.0..AHD.DPSI.LE.0.) GO TO S
243@ C
2440 C COMPUTATION OF VELOCITIES VP AND VS FOR ENTRAN~CE ACTION
245e c
2460 13 AOME.9aCOS(ALPHR)+G
247e DOlNE.CtCOS(PHI (l )-ALPHR-PSI)
248e vP.DciiEIDPSI
24ge Uf-0AOHEZPHI(2)
2S,0 IF ,PHITOT.GT.30..,t)D.PHITOT.LT.(PHICUTD-3'.)) GO TO 14
2510 URITE (6,44) UP.US
252e c
253e C ENTRt•NCE ACTION
2540 C
2SSe 14 IF IPHI(2).GE.0..AND.DPSI.GE.S..AND.ABSrVP).GT.ABS(US)) GO TO 5
256e IF (PHI(2).GE.S..AND.DPSI.GE.0..AND.ABS(VP).EO.ADS(VS)) GO TO I
2570 IF tHIc2).GE.0..AND.DPSI.GE.0..AND.A3S(VP).LT.AIS(US)J GO TO IS
2580 IF (PHI(2).LE.f..AND.DPSI.GE.#.) GO TO S
2590 IF (PHI(2).GE.e..AND.DPSI.LE.O.) GO TO IS
2600 IF kPHI(2).LE.0..AND.DPSI.LE,0..AND.ABS(VP).LT.AIS(US)) GO TO 5
2610 IF (P4I(2).LE.0..AND.DPSI.LE.O..AND.ABS(VP).GT.ABS(VS)) GO TO IS
2620 IF (PHIk).LE.O..AND.DPSI.LE...AND.A3S(VP).EOABS(VS)) GO TO I
2630 c
2640 C IMPACT
266e C
2660 IS CALL IMPACT 1PHl11),PHI(2),PSI,DPSI)
2670 H-2.1:B(COS(ALPHR)+A$COSCPHI(i)-ALPHR))
26e0 K-As 2+BI $2+R*2°¢*2+2. BSRISIN(ALPHR )+2. A*BSCOS PHI( ))-2. AIR
2690 1SIN(PHI(I )-ALPHR)

8700 GO14E.(-H+SQRTfHZf2-4.tK) )/2.271e GTUO.(-H-SQRT(H&I2-4.8K))/2.
2720 IF (ABS(GONE).LT.ABS(GTUO)J GO TO 16
2730 G•GTUO
2740 GO TO 17
27Se 16 G-GONE
2760 17 CONTINUE
2770 C
2780 C
2790 C TEST FOR EXIT ACTION
2800 C
2810 PHID-PHI( I)/ZZ
2820 IF (PHID.LE.TANG) GO TO 19
2830 C
2840 C EXIT ACTION
28S0 C
8860 C COMPUTATION OF VELOCITIES VP AND VS FOR BOTTOM ACTION
2870 AONE.BSCOS(ALPHR)G.
2880 DOHE-ES.COS(PHI (I)-ALP-HR-PSI )
2890 vP-DOHE*DPSI -t-
298# VS-AONE*PHI(2)
2910 IF (PHITOT.GT.30..AMD.PI.ITOT.LT.(PHICUTD-3S.)) 4O TO II
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2920 WRITE 16,44) UP US
2930 18 IF(ABS(uP-VS).Lt.1.0) GO TO 1
2940 C
29se C EXIT ACTION TESTS
2960 C ____
c970 IF (PHI(2).GE.0..AMND.DPSI.CE.0.) GO TO I
2930 IF (PHI12).C'NO..AND.DPSI.LE.0..AHD,ABS(VP).GT.ADS(VS)) GO TO S
2990 IF (PHI(2).GE.0..AND.DPSI.LE.0..AHD.ABS(UP).LT.ABS(US)) GO TO I
306e IF PHI(2).LE.O..AND.DPSI.GT.@..AHD.ASS(UP).LT.ADS(VS)) GO TO S
3010 IF PHI(2).LE.S..AND.DPS!.GT.@..AHD.A3S(UP).GT.ADS(US)) GO TO 1
3020 IF (PHI(a).LE.0..AND.DPSI.LE.e.) GO TO 5
303e c
3040 C COMPUTATION OF VELOCITIES UP AMD US FOR ENTRANCE ACTION
3050 C
3060 19 AOhE-.FCOS(ALPHR)*G
3070 DONE-CZCOS(PHI(1)-ALPHR-PSI)
3080 ,PDONESDPSI
3090 kS.AONEIPHI(2)
3100 IF (PHITOT.GT.30..AND.PHITOT.LT.(PHICUTD-30.)) GO TO 20
3110 URITE t6,44) VP,VS
3120 Ž0 IF(u4StvP-vS).LT.1.0) GO TO 1
3130 C
3140 C ENTRANCE ACTION TESTS21se C [•
3160 IF (PHI(2L.CE.0..ArID.DPSI.GE.u..AND.ABS(VP).CT.AUS(VS)) GO TO 5
3170 IF (PHI(2C.GE.0..AND.DPSI.CE.0..AND.ABS(UP).LT.ABS(US)I GO TO I
3180 IF (PHI(2 .LE.e..AMD.LPSI.GE.0.) GO TO S
3190 IF (PI(2..GE.0..AND.DPSI.LE.0.) GO TO I
3200 JF (PHIt2'.LE.. .AtiD.DPSI.LE.0..AtD.ABS(UP).GT.AIS(VS)) GO TO I
3210 IF (PHI(2).LE.0..AND.DPSI.LE...AND.ABS(LP).LT.ADS(VS)) GO TO S
3220 21 URITEN6.4S)F34MAX,F23MAX,FI2MAX,FF34MAX,FF23RAX,FF12MAX.PNMAX
3230 ATM-TIME
3240 URITE(6oSj ATM L
32S0 75 FORMAT(' THE S&A ARMS IN*,2X,F6.3,2XrSECONDS.')
3260 STOP
3270 C
3230 C
3290 C
3300 2a FORMAT (5F10.5)
3310 23 FORMAT 'IHI,SX.2HA-.FI3.SSX,2HB-,FI3.5,SX.24C-,FI3.S,SX,2HRo.F13.
3320 1S,SX,6HALPHA*,F9.4/)
3330 24 FORMAT (3F10.S
3340 25 FORMAT (IH .SX.6HEREST.,FS.2.3X,?HLAMBDA°.FI.3.3X.6HDELTA-,FS.3/)
3350 26 FORMAT (SEI2-S)
3360 27 FORMAT (1H .SX,4HMI -. E1S.S.3X.4HM4 %.EIS.S,3X,44f3 *,ES.5.3X,4HMN1
3370 14 -,EIS.S,3X.4HMP -,EIS.Sn
3380 28 FORMAT (lW .SX,4HII *.EIS.S.3X.4HI2 *.EIS.5.3X.4413 *.EXS.S.3X,4NI4
3390 14 *.E1S.S,3X,4HIP -,EIS.S/)
3400 29 FORMAT (6F10.4/3FI@.4)
3410 30 FORMAT (6XSNRCI • F?.4.3XSHRCP -,F754,3X SHROP -F7.4,3X,
3420 I3X.?HPHI1C -,Fg.4,5xGHPSzCCD - F;.4 3X,6NANID *,F9.4n'Bxr
3430 29HPHICUTD .,F6.0e/6X 4iMU . FS.5.3x,3,MUI -,FS.3/)
3440 31 FORMAT (3F10.4/EFIe.Ir6Fjo.t,3FIe.4)
34S0 32 FORMAT (4F11.4)
3460 33 FORMAT (GFI.;)
3476 34 FORMAT (3F1*.8)
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3480 3S FORMAT (IN ,SXBNPSUDDI -,FS.l.3XBHPSUBD2 *,FS.1,3X,$4PSUID3 * FS
3490 1.I//6x,SHNGL *,F4.0,3X.SHNG2 -,F4.e.3XSNCG3 .,F4.0,i3X SHNPa . 4 .
3500 20,3X,SHNP3 .,F4.e,3x,SHN4P4 -,F4.G//6xo8HCAPRPI ,,F8.5,3X,SHCAPRP2
3510 3-,FB.S,3X.BHCAPRP3 -oFS.S//GX.SHRP2 *,FS.S,3X,SHRP3 -. FB.S.3XSHRP -
3520 44 *.FS.S/,'6x,SHTHETAI -. FB.3,3x,BHTHETA2 -,FB.3,3X,swTHETA3 -,F8.3 "
3S34 S/) "

3S40 37 FORMAT (6X,6HRHOI *,F7.5,3X,6HRHOZ -,F7.S,3X.GHR403 -,F?.S.3X,GHRM I
3S50 104 -,F7.5/) i::
3S60 38 FORMAT (CX,8HCAPR9I °,F?•5,3X,BNCAPP02 -F? 5 3X,SHCAPRI3 -,F7.5,3 L
35.0 IX,SHR82 -. F?.S,3X,SHR83 -,F7.S,3X,S4RB4 -,Fi.4/)
3S80 39 FORMAT (6X,8HCAPROl -,F7.S,3X,8HCAPR02 -,F7.S,3XSHCAPRO3 -,F7.5,3
3590 1X,SHRO2 ,,F?.5,3X,51HR03 o,FT.5,3x,SHR04 ,,F?.S/)

3600 4e FORMAT (IHOSX,4HJL -,F4.2,3X,4HJ2 ",F4.2,3X,4NJ3 ",F4.2/)
3610 41 FORMAT (6X,8HBETAID -oF7.2,3X,SHBETA2D -,F7.2,3X,SHBETA3D -,F7.2,3 --
3628 IX,SHBETA4D -. r7.2/)
3630 42 FORMAT (IHO,Sx,141COUPLED MOTION)
3640 43 FORMAT (IHO.SX,I1HFREE MOTION//)
3650 44 FORMAT (4HOUP-,FB.3,3X,3HVS-,F8.3)
3660 45 F.RMAT (IHO,6X.,F34MAX .*,F6.2/1ed,,6XF23MAX *$,F6.2/IH9,6X.,F12
3670 IPAX -*,F6.2/INH,6XIFF34MAX -Z,FG.2/IH6.6X°tFF23MAX *1,F6.2/IHO,6X
3680 T.*FF12MAX ,*:F6.2/IH*,6X,$PMMAX -*,F6.2/)

3690 ENHD3700 SUBROUTINE IMPACT (PHI,DPHIFSI.E
3710 COrMOrI A,B,C.R,ALPHR,PI,2ZMI,M2, M4,MP,I1.,I,,3,I4,IPoEREST,LAM
3720 1BD•,DELTA,PHITOT,PHIPR,N4 ,N42,N4j,0MEGA,OM2,RC1,PHIICTEST ,TEST2
3730 2,TESTJ,NGI,NG2,NG3,NP2,NP3,NP4,CAPP9O1CAPRD2,CAPRU3,PB2,RB3,RB4,TH .
3740 3ETAI,THETA2,THETA3,RR,2.R3,R4,RS,rHOIRHO•2,RH03,RHO4,RHOPJ1,J2,J
3750 43,BET.1,BETA2.BETA3,BETA4,DI.D2,D3,.LIIN,ALIFIN,J,TANGNT,
3760 6AL21NAL2FIN,AL3IN,AL3FlNALPHAI,ALPHA2,AL.PHA3,]N,T2,T3,T4,"U.MUI,
3770 7RCPPSIC,S1,S2,S3,S4,SS,AI,AE,A3,DPHN2,DPI52,F34nAX.F23MAX,F12MAX,
3780 8FF34MAX,FF23MAX,FF12MAXPHMAX,PHICUTD,AA.ANS6,S? y
3790 REAL 11,12.I3,14.IP,LAMiDA.N41.N42,N43,ISTOT,K
38ee ISTOTl4+ll*NH411N41,12:N422N42e13*N43cN43
3810 H.2.ti(BCOS(ALPHR)+AtCOS(PHI-ALPHR))
3820 K.AS12+BlE+II•R2-CtSZ#.$•$*RSSINCOALPNR)+Z.:AIBSCOS(P)41)-2.SASR$SIN "
3830 I(PHI-ALPHR)

3840 GONE.(-H.SORT(H*12-4.XK))/2.
3850 GTUO.(-H-SORT(H$22-4.$K))/2. .
386S IF 'ABS(G0NE).LT.Al6(GTUO)) GO TO i
3870 G.GTWO
3880 GO TO 2
3890 1 G.GONE
39O0 2 AONE.BICOS(ALPHR)*G
3910 DONE.CICOS(PHI-ALPNR-PSI)
3920 DPHIIN-DPHI
3930 DPHI-(IP*AONEZDPSI.ISTOTSDONESDPHI4IPaAONESEREST/DONEZ(DPSI:DQNE-D
3940 IPHI2AONE))/(IPAON$222/DONE.I5TOT*DONE)
395O DPSI-(DPHI1AOME-ERESTt(DPSIIDONE-DPHIIhSAONE))/DONiE
3960 PNIO.PHI/ZZ
397? PSID*PSI/ZZ "•
329O IF (PHITOT.GT.3I..A4D.PHITOT.LT.rPHICUTD-30.)) GO TO 3
3990 WRITE (6,4)
4000 WRITE (6,5) PHIDDP4I.PSID,DPSIP1IT0T
4s10 3 RETURN
4020 C
4030 C -
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4048 C - i
4(45 4 FORMAT (1HO,SX,6HIMPACT)
4 060 5 FORMAT (IHO,ISX,4HPHI*,FS.3,3x,THPHIDOTo,FB.3,3X,4HPSI-oFB,3,3XoH
4070 IPSIDOT.FS.,3.3x,8HPHITOT -,F9.2)

40SO END
4090 SuBROUTINE FCT (T,PHI,DPHI)
4100 COMMON A,B,C,R,ALPHR.PPZZMI,M2,M3oM4,MP.I1.12,13,1oIPEREST,LAPI
4110 IFDA.DELTA,PHITOTPHIPR,141 ,N42,N43,OMEGA,OM2, RC1,PHI IC,TESTI.TEST"4t2o ZTEST3,NGI,HG2,NG3,NP2,t4P3,tiP4,CAPRBI,CAPF?02,CAPRO3,RB2,RB3,RB4,TH [
413t 3ETAI,THETAZ,THLTA3,RI,PZ,R3,R4,RS,RHOI,RH02,RH03,RHO4,RHOP,J1,J2,J
4140 43,PETAI,BETA2,BETA3,BETA4,DI,D2.D3,ALIIN,ALIF[HJ,TANG,HT, :.
41So 6AL2!N,AL2FT14,AL31N,AL3FIN,ALPHAI,ALPHA2,ALPHA3,iN,T2,?3oT4,MU,MUI,
416e 7RCP,PSIC,5lS2,52,3,S4,SSAI,A2,A3oDPH12,DPSIEF34MAX,F23RAX,Fl2MAX. ',.
4176 SFF34MAX,FF23MAX,FF12MAX,PNMAX,PHICUTD,AA,A",S6,S7 .".
4 180 DIMEN510H PHI(2), DPHI(2)"'"-

Azle DELPHI -PHI D-PHIPR

4220 PHIT-(PPHITOT*DELPHI)IZZ •--

4230 III'424 b CALL KINEM (A,B,ALPHR,PHI,R,C,Q,P,O,S,GDOT,PSI,DPSI,AONEBONE,CONE :J-'

42SO 1,DONE,U,UZ)
4260 CALL GCURVE(T,AAAN) -"

4270 CmLL IN3 (PHI,PHIT,DE.)PHI,GDOT,PS[,DPSIAONE,BONE,CONE,DONE,AAI,AA
4280 12.AA3,AA4,AAS,AA6,AA?,. AAS.AA9,•AAI.AAIIRRA12,AAt3,AA14,AAtSAA16,A4290 2A17,AA18,AA19,AA20,AA21,AA22,AA23,AA24,AA2S,AA26,AA27,AA28,AA29,AA

4300 33I,AA31,AA32.AA33,AA34.AA3.,AA)6,AA3?,AA3UAA39,AA43,AA41,AA42,AA44310 43,AA44.AA45,AA46,AA47,AA48,AA49,AA50.AAS1,AA52,AA$3)
4320 C ..
4330 CALL lN3A(APS4,AA5S,AA56,AAS7,CAPR82,MU,RHO2,AAS1,AA53, .
4340 *St,S2,A1,A2,56,67,AA49,AASO,AA48,AAS2,D1,RB2• .''
4350 IF (DPSISDPS12.GE.O.) IPP.IP#AAilS ..
4360 IF (DPS[IDPS12.LT.O.) IPR-IP-AA15 f'
4370 IF (PHI(2)xI)Pm'2.GE.e.) IIR-1IIABS(MU)$RHOIt(AA30+AA33)
4380 IF (PH~I•)*DPHIE.LT.G.) IIR.II-ABS4MU)1RHO1X(AA3Q+AA33) I;

4390 IF (IIR.LT.e.) IIRoG.
4400 IF (IPP.LT.e.) IPR-0.
4410 AAS'AA2SISPRtu+AAtlI4-AAIItAA22•(AA34gAA44EAA4)s(AA47gAAS57N4I
44EO 1I11R+AA341AAS41131N43-AA34SAA47SI2tN42)
4430 AA59-AA14:AA2SUIZ24AAaSuIPRU-AAIIAsAA22.A37SAA47$2A57SN41Sa.
4440 +/(AA341AA445AAS4)
4450 AA6O-AAIISAA22/(AA345AA44tAA54)$(AA352AA47?AA57-AA343AA471AASS-
4460 1AA342AA4S*AAS4).AA1I1AA23aAA121AA25-AA2S*,PIRCP*Slh(PSI.PS)I C
4470 2SIN(BETA4).AA2SSMPIRCPZCOS(PSIPSIC)ZCOS(BETA4)
4480 AA61 AAII AA22/(2A341AA44SAAS4) (AA361AA47SAAS?-AA342AA47:AAS6-
449* IAA345AA46:AAS4).AAItAA244AA13gAA25-AAs5gIMPtCP&SIN(PSIPS)IC)
4500 2COS(BETA4)-AA255RPtRCPSCOS(PSI4PSIC)XSIN(BETA4) &J
4510 DPHI(1)-PHI(2)
4526 DPHI(2)-(-AASgSPHI(2)%*2+AAGGSAA.AAISAN )/AASI
4534 RETURN
4540 EHD
4550 SUIROUTINE OUTP (T PHI.DPHI,INLF,NDIM,PRMT)
4560 REAL RM.1M2,iM3,IM4.14 11.12.I3,14,IP,1IRM41.N42.,43,U.I.NUIIPR
4S?7 DIMENS1Oh PHI DI(2). PRMT(S)

'. .° °
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4580 COMMON A,B,C,R,ALPH.,Pt,2ZM1,M2,M3,m4.MP,Io,2,I3,14,1P,EREST,LAM
4590 1BDADELTAPNHTOT.PHIPR,N41,NA2,N43,OME.A.oM2,RC I.PHIIC,TEST1,TEST2
4600 2,TEST3,NGI, NG2N3,NP2,NP3,NP4,CAPRB1 ,CAPRPBCAPRB3,RB2,RB3,R34,TH,
4610 3ETI .THE T2,THETA3,RI. R2,R3.4,RS, RHOI,we2,OHo3.PHo4.RHOP.jl,J2.J
4620 43,BETAI,BETA2,BETA3.BETA4.DL,D2.D3,ALIINALIF1N,J,TANCNT,
4630 6AL21NAL FIN.AL31NAL3FIN, LPHAIALPk"2,ALPHA3,1N,T2,T3,T4,rU,Mul,
4640 ?RCP.P$[C,S1,52,•3,S4,55,AI,AZA3,DPHIZ,DP512,Fj4MAX,F23MAX,F12MAX,
4650 8FF34MAX,FF23MAX,FF12MAX.PNMAX,PHICUTD,AA, AN,S6,57
4660 COMMON .'ZETA/ PSI,TIME,G,DPSI.GP
4670 PHID.PN|(t)/ZZ
4680 DELPHI-PHID-PHIPR
46g* FHTPR-.PH-
4700 PHITOT-PHITOT+DELPHI
4710 PHIT.PHITOTtZZ
472a IN-
4730 CALL KINEM (A.B,ALPHR,PHI,R,C,GP,0,S,GDOT,PSI,DPSI,AONE,BONECONE4140 IVONE,U,V,Z)

4750 CALL GCUR'E(TAA,AN)
4760 CALL IN3 tPHIPHIT,DELPHI,GDOT.PSI.DPSI.AONEBOHE,CONE,DONE,AAI,AA
4770 1.,A 3,AA4,AAS,AA6,AA7,AA8,AA9.AA10,AA11,AA12,AA13,AA14,AAIS,AA16,A
4780 2AITAl AA19,AA2•,AA2I,AA2,AA23.24,AA2S,AA26,AA27,AA28,AA29,AA
4790 330,AA31,AA32,AA33,AA34,AA35,AA36,AA37.AA38,AA39.AA4g,AA41,AA42,AA4 V '
48900 43,AA44,AA4s,AA46,AA47?AA48,AA4g,AASeAAS1,AAS2,AASJ)
481e C4820 CALL IN3A(AAS4,AASSAAC-6,nAA5,CAPPB2,MU.RHO2,AAS1,AAS3° ,-
4830 +51,S2,AI,A2,56,57,AA49,AASO,AA48,AA52,DI,RB2) "-'
4940 C •"
4850 IF (DPSItDPSl2.GE.0.) IPRIP#AAIS -. •

486 IF (DPSIcDPSI2.LTb-) IPR*IP-AA5.
4870 IF PHI(2))LPHI2.GE.0.) IIRI1-ABS(MU)TRHO12(AA30+AA33)4889 IF (PHI(2)*L'PH12.LT.O. ) 1lRIl-ABS(MU)sRH0lS(AAJQ+AA33) ...

4890 IF I1R.LT.) IIR-0.
499e IF (IPR.LT.O.) IPR-0.
4910 AAS8,AAasItPRzU÷AAII1I4-1A•IlAA2/(AA341AA445AAS4)a(AA4?7AA572I41
4920 IRIIRAA34tAA5411IN43-AA34SAA47sIl2H4?)
4930 AA59-AA14*AA25SU*$2÷AA5slPRtV--AA11SAA•IAA3?:AA4?$AAS?:N41$2"
4940 */34z'AA441AAS4) .:,
49S0 AA60-APIIIAA /(AA341AA44*AAAS4 $(AA35*AA47AAS?-AA341A•47&AASS-
4960 IAA34*AH4S5AA54)•AAII*AA.3+AA12SAA25-AA2SIMPtRCPS[IM(PSIPSIC)$
4970 2SIN(CETA4)+AA2S:MPRCPICOS(PS14PSIC)$COS(BETA4)
4980 AA61=AA11AA22/(AA343AA442AA54)1(AA362AA47?AAS?-AA34tAA47*AAS6-
49g0 tAA34SAA465AAS4)÷AAIIRAA24*AA13SAA2S-AARSSMPIRCPISIN(psI#PSIC)I
5s00 2COS(ETA4)-AA2SIMPIRCPSCOS(PS4P$IC):SSI14CBETA4)
sole DPH12-(-AA9SgPHI(2)1824AA60SAA*AA612AN)/AASS",

6020 DPSI2"U*DPHI2.'J$PHI(2)9PHI12)

S440 C COMPUTATIOM OF COHTACT FORCES

5066 P34. 1'AA34:AA44,AqS4 )g AA3S1A47sAA7-AA3'4sAA47gAAS5-AA34SAA4sz
S970 IAAS4)$AA.(AA365AA4?zAAS7-AA345AA47?AA56-AA34SAA46gAAS4) A:OAA37"Uses19 2P4A47*AAS?•N4lttPHl(2)SPH1|)+(AA47*AA5?•N4191R+AA341AAS4Sl3$•433A4A4?I 4•DH1 _'_

5090 3-AA34&AA4732X2N4Z!)ZIPHj2)
iss1 F23.(AA445F34,AA45SAA$AA46SAN-131N431DPHIa)/AA47

s110 F12(AA54sF23*AA5S:A.AA568AMN4I•N42aOPHI2)/AAS7
5 18 IF (F34.GT.F34MAX) F34MAX*F34

Ik.

9 -

69."

.... . . .- v-.-....-................ .- ,.-....:.... •-................ ...-.... I..I-:. . . ... :. -.. _:



5130 IF (F23.GT.F2JfAX) P233AX-F23
5140 IF (F12.G1'.F:2rAX) F12M)X-FI2
s1so Pt4.(-14:DPHI2+AA221F34.B23AAAA24tAN )/AA2S
S160 PNPSI-C [PR:DPSI2.AA14;DPSISDPSI-AA12zAA-AAl1JN.NPaRCPI(AA*cSIN(
S170 1PSI+PSIC) I*5IN(BETA4)-COS(PS1.PSIC)aCOScBETA4) )eANSC51N(PSI.PSIC)I
S180 2COS(BETA4)OS05PSI+PSIC)SSIr(8ETA4))nAAII
5190 IF (PN.GT.PNMAX) PNMAX.PN
5200 C
5210 c TEST FOR CONTINUATION OF COUPLED MOTION
S220 C
5230 IF (.HOT.aG.LT.o..AND.PH.GT.e.fl PReIT(S)Z..
524C C
5250 C URITE OUTPUT

5270 PSILD*FSIZZ
5280 IFtJ.E0.J-'1000tl000) GO TO 50
529'? IF (PHITOT.GT.30..AND.PHITOT.LT(PNI1CUTD-30.)) GO TO I
5300 E-0 URITE 16,2) TPHIDPHIe.)G,G~Or.P51DDPSI,PHITOT,F34,FZ3,Fle,PN4,P
Si10 1'NPSI,DPH12
S320 I TIME.T
S330 J.J~l
S34e IFtPHITOT.CE.PHICUTD) PRP1T(5).1.
S350 RETURN
5360 C

5380 2 FOPt1AT (6X,3HT *,F8.S,3X,SHNPI -.F7.2,3X,SHPHIDOT *.F7.2,3X,314 . *-

S390 1F6.4,3X,6HGDOT *.vs.2,3X,6HPSID -,F7.2,3XSHPSIDOT -,FS.2,3X.SNPHi
5400 2TOT -,F9.2/20>X,5MF34 *.F9.4,3X,5HF23 *.Fg.4,3XSHF12 -,F9.4,3X,4Hp
5410 3Ni -,F1v1.4,3Y.,7HPNPSI -.FIO.4,3X,7HDPH12 *,EI2.4)
S420 END
5430 SUBOCUTINE FCTF (T.X,DX)
S440 COPINCh AlB,C,RALPHRPI,ZZ,M1,M2,M3,M4,MP,11,Z2,I3, 14, IPERESr,LAI¶
5450 1BDm, (ELTA.PHITOTPHIPRN41 ,N42,N4:3,OM1EGA,Qp¶2,RC1.P,411C,TEST1.TEST2
546e 2,TES5T),NGI,NG2,NG3,NP2oNP3.NP4,CAPRB1,CAPRB2,CAPR33,RD2,RB3,RB4,TH
5470 3ETAI ,THETA2,THETA3,RI,R2.R3,R4,R5,RHo1,RI402,RH03.RHO4,RHOP,J1,J2,J
5480 43,0ETkd~8ETA2,8ETA3,BETA4.D1 .D2,D3,ALIIN,ALIFIH,J,TANG,NiT,
5490 6AL21N.L2FIN.AL31NALIrNALPHAIALPHA2,ALPHA3.lmT2,T3.T4.1¶U,MUI,
sseo 7PCPPSIC,SI ,S2,S3,54,S5,A1,A2,A3,DPHI2,DPS12,F34MAXF23PIAX.FIZMAX,
5510 8FF34MAXFF2JMHXFFI2P¶AX,PN4MAX,PHICUTDAA,AnS6,S?
5520 DIM¶ENSION X(ý DX(4

5530 COMiMON IZETAI PSZ,?IPIEDGDPSI,GP

s550 *IP
S560 PHID-X(1'/ZZ
5570 DELPHI.PHID-PHIPR
5sss PHIT*(PHITOT+DELPHI )SZZ

5600 CALL GCURUE(TAA,AN)
5610 CALL IN3 (XPHITDELPHI,e. .X(3).x(4).@,@..0..0.,.,AAIAA2,AJ3.AA4,A
5620 IA5,AAS,AA7,AAB,AA9,AA1S,AAIIAA12,AA1).AA14.AAIS.AAIC.AAI7.AAIS.AA5630 219,AA2@,AA21,AA22 AA23,AA24,AA2S,AAa6,AA87.AAk8.AA2g,AA30,aA3I.AA35640 32,AA33-,AA34,AA3S,AA346.AA37,AA33.AA39.AA4..AA41,AA42.AA43,AA44.AA4S
5650 4,AA46,AA47,AA48.AA4g.AAS*.AAg1,AA52,AA53)
566s C
S670 CALL IN3A (AAS4,AASS.AAS.AAS7,CAPR38,M.NU MI4,AASI,AM53D
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$630 *S1,S52,A,AE,56,S7,AA49.AASoAA48,AA52,DI.R32)
S690 C
5700 IF 4)tDPS12.GE.0.) JPR-IP+AAIS
£710 IF (X(4)Z1PSI2.LT..) IPR-JP-AA15
S720 IF tx•2q:1tPHI2.GE.@.) IlR-I1.ABS(PUIIRH01g(AA30+AA)3,
S730 IF (X(2)&DPHI2.LT.8.) I1Rl-I-ABS(MUflRHOlX(AA30+AA33)
5740 IF (I1R.LT.0.) ZIR-0.
s750 IF (IPR.LT.O.) IFR-..
5760 IF (IPR.EO.0.) UR TE (6.1)
S7??0 AA60,AA|ItAA22/tAA34*AA44$AA54)*(AA3SXAA4?*AAST-AA34SAA4?$AASS-

5?S0 +AA340AA45IAAS4)+AAIISA23AA3A SAA2S-AA252MP2RCP*SIN(PSIPSIC)*
5790 *ý--INtETA4)eAA25SMPsRCPICoS(PSI*PSIC)ICOS(BETA4)

5400 AA|.SAAlltAAe2,'ýAA342AA442AAS4)t(AA36zAA47,AAS7-PA341AA471AAS6-
5810 +AA?4zAA460AA54)+AAIIAA24.AA131AA25-AA2S5MPSRCP*SIN(PSI÷PSIC)z
5520 +C,"'*LBET44)-AA2S1MPIRCPICOS(PSI+PSIC):SIN(PETA4)
S830 AA62 I PR
5840 6.AIA•~l2-MP*PCP$(SIN(PSI+PSIC)2SIRCBETA4)-COS(PSIPSIC),COS(

5s6o AA64.AA13-MPIRCP*(SIf(PSI.PSIC)$COS(BETA )-COS(PSI.PSIC)*SIN(
S870 IFET4)4)
s580 4A6ý.I4-AA22/(AA341AA44$AAS4)s(AA47zAA57SN41$I1R.AA341AAS4$I3ud43
5890 1 -PA34tAs47i12*N42)
5900 AAiG.-AA AA7gAA47SAAs7ST41022/(AA34sAA44$AAS4)
5910 A•67?AA22/(AA34tAA44$AA54)S(AA3JSAA47*AAS7-AA34SAA47?AASS-AA34:
5920 IAA4r5AA54)+AA23
S53e AA6E.AA22,tAA34ZAA44$AAS4) 'AA361AA47:AA57-AA]4*AA47IAASG-AA34"5940 lAA46tAA54)4AA24 •"
59S0 Dx(1)-A(2)

5960 DX13)-Xt4) F-
S970 DX(2)-(AA67;[AA4AA6•IAN-AA661X(2)**Z)/AA69 ".'5980 DX(4)-(AA635AAA64*AN-AA14SX(4)9*2)/AA62

5990 RETURN
6000 C

6020 1 FORMAT 140H01PR EQUALS ZERO - SIMULATION TEFIMINATED)
6030 END"6040 SUBROUTINE OUTPF (T,X#DX.IHLFNDIr,PRMT)

KS 60o0 COMMON AB,C,R,ALPHR.PIZZ,M1,M2.M3,M4.MP.I1.12,!3,14,IP,ERESTLAM
6060 IBDADELTA.PHITOTPHIPR.N41.N42.N43,OMEGAORMRCIPHIIC,TESTI,TEST2
6070 2,TEST3,NGI,NG2,NG3.NP.,rP3,MP4,CAPRBI,CAPRD2.CAPRD3,RBa,RB3,RBaTH L -
6080 3ETA1,THETA2,HETA3,RI,R2,R3,R4oRS,HOI,RHO2,RHO3,RHO4,RHOP,Jl,JzJ
6090 43,DETAIBETA2,BETA3,BETA4,DI,D2,D3,ALIINALIFIN,J,TANGNT,
6100 6AL2INAL2FINAL3IN.AL3FIN,ALPHAI.ALPHA2,ALPHA3.IM.T2,3,T4.MU,"U1.
6110 7RCPPSIC,SIS2,S3,S4,SS,A1,A2,A3,DPNi2,DPPI2,F34MAX,F23MAX,F12MAX,
6120 8FF34MAXFF23MAXFFI2MAX,PHMAXPHICUTDAA.AN,56.S76130 REAL rI.M2,M3,M4,MlP, IlI2, 3,14,IP, IIR,N41,H42,h43,MU,MUI,IPR

6140 DIMENSION X(4). DX(4), PRMT(S)
6150 COMMON /ZETA/ PSI,TIMEG,GDPSIGP
6160 PHID-X(I)/ZZ
6170 PSID-X(3)/ZZ
6180 DELPAI.PHID-PHIPR
6190 PHITOT-PHITOT*DELPHI
6200 PHIT.-PHITOTIZZ
6210 PHIPR-PHIV
6220 IN-0
6230 CALL GCUIRUET.AA,AN)
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6240 CALL IN3 tXPHIT,DELPHI,$.,X(3),X(4),,.,0.,*..,AAIAA2,AA3,AA4,A
62S0 IASAA6,AA7?AA8.AA9,AAI. AAIIAA12.AAI3.AA14,AAISAA16,AA?7,AAIS.AA
6260 219,AA20,AA21.A22,AA23.AA24.AA2S5AA26,AA27.AA28,AA29,AA30,AA31,AA3
6270 32,AA33,AA34,AA3SAA36.AA37.AA38,AA39,AA40.AA41,AA42.AA43.AA44.AA45
6280 4,AA46,AA47,AA48,AA49,AAS5.AASIAA52.AA53)
6290 C
6300 CALL IN3A (AAS4,AASS,AAS6,AAS?,CAPRB2,MU,RHO2,AASI,AAS3.
6310 *S1,S2.AI.A2.S6.S.7AA4g.AASOAA4gAAS2.D1.RB2)
6320 C
6330 IF (X(4)IDPSI2.GE.O.) IPR-IP*AAI5
6340 IF (X(4)*DP512.LT..) IPR-IP-AAI5
6350 IF (X(2)tDPHI2.GE.O.) IIR-*IIABS(MU)tR101t(AA3O+AA33)
6360 IF (X(2)*DPHI2.LT.e.) I1R-II-ABS(Mu)$RHO15(AA30+AA33)
6370 IF tI1.LT.O.) IIR.0.
636S IF (IPR.LT.O.) IPR-O.
6390 AAte.AA1ItAA22/(AA34SAA44IAA54)2(AA355AA47SAAS7-AA34*AA47ZAA55- k
6400 +AA349AA45tAA54)+AAIIIAA23+AAI2*AA2S-AA2SIflPSRCPSlH(PSI.PSIC)*
6410 +SINtBET94),AA25IMPIRCP1COS(PSI+PSIC)2COSi(ETA4)
6420 AA1.AGIll*AA22/(AA34ZAA44*AAS4)*(AA36*AA47?AAS7-AA34*AA47?AAS6-
6430 +tA)346AA6*AAS4)*AAli|AAa4.AA13]AA25-AA25:nP:RCP$SIN(PSI+PSIC):
6440 +COStPETA4)-AA2S$MP2RCPSCOS(PSI+PSIC)$5IN(BETA4)
6450 AA62-IPR
6460 AA63,AA12-MPtRCPg(SIN(P5I*P5IC)*SIN(DETA4)-COS(PSIPSIC)*COS(BETA4
6470 1),
6480 •A64-AA13-MPSRCPt(5H(PSI+PSIC)SCOStETA4)-COS(PSI+PSIC)SSIN(DETA4
6490 1))
6SeO EAAS-I4-AA22/tAA34*AA445AAS4)$(AA47:AAS7tSN412IR.AA341AA54*I3sH43
6510 L-AA34tAA4?712XN42)
6520 AA66--AA22*AAj75AA47:AAS?*N41*32/(AA34*AA44*AA54)
6530 AA67-AA22. (AA345AA445AA54)*(AA3SSAA47$AAS?-AA34A4•7*AASS-AA34"
6540 IAAdSAC.54)+AA23
6550 AA68-AA22/'AA34ZAA44SAA54)2(AA363AA47SAAS7-AA34ZAA47*AA56-AA34-
6560 1AA46,AA54 )-AA24
6570 PSI-X(3.
6586 DPSI-X(4)
6590 DPHI2.i-AA662)((*X(2)+AA67?AA*AA685AN)'/AA6S
6600 DPSI2-(-AA145X(4)*X(4)+AA63tAA*AA64*A)/AA62
6610 C6620 C COMPUTATION OF CONTACT FORCES

6630 C
6640 FF34-.I4ZDPH12-AA233AA*AA243AN)/AA22
6656 FF23.(AA441FF34+AA45$AA*AA461AN-13N43*DPHI2)/AA47
6660 FFI2-(AAS4*FF23#AASSSAA*AAS6AN.+1221422DPH12)/AA57
6670 IF (FF34.GT.FF34MAX) FF34MAX.FF34
6680 IF (FF23.GT.FF23MAX) FF23RAX-FF23
6690 IF (FF12.GT.FF12MAX) FFI2MAX-FF12
6706 IF(J.EO.J/1009ZI000) GO TO S0
6716 IF (PHITOT.CT.30..AMD.PflITOT.LT.(PHICUTD-30.)) GO TO I
6726 50 UWITE (6,4) T,PHID,X(2),PSID,X(4),PHITOT,FFI2.FF23,FF34
6736 1 IF (T.EO.TIflE) GO TO 3
6746 C
6756 J.J.l
6766 C CHECK FOR CONTINUED FREE MOTIONI
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6770 C
6780 F-A*SIN(X(1 )-ALPH•R)-3SIN(ALPHR)-C¢SIN(X(1 )-ALP9R-PSI )-R
6790 GP-CCOSt*(( I )-ALPHR-PSI )-DBCOS(ALPHR)-AICOS(X(1 )-ALPNR)
6800 IF (F.GT.O.) GO TO 2
6810 PRMT(S)•2.
6820 GO TO 36830 2IF (GP.GT.O. ) PRM,(S)-2.

6840 3 TIME-T k¾'
6850 IFtPI4ITOT.GE.PHICUTD) PRiT(S)l..
6860 RET% RN
6870 C
6u90 C...L.
6900 4 FORMAT (6X,3HT -,F8 S 3X SHPHI *,F7.2,3X,8HP1IDO)T .,F?.2,3X,SIPSI

6910 t.,F7.2,3X.,HPSIDOT -,ýS.X,3X,OHPHITOT *,F9.2/21I,6 4 IF18 -,F?.3,3X,
6920 26HFF23 .,F7.3,3x,64FF34 -,F7.3)
6930 END
6940 SUBROUTINE KINEM (A,3,ALPHR,PHI,R,C,G,P,O,S,GDOT,PSI,DPSIAONE,BON
6950 IE , C•ON NE, U, U, . Z I
6960 DIMENSION• PHI(2)
6970 REk.L K
6980 PI•3.14159
69ge H-2.1(9*COS(ALPHR),A*COS(PHI(t )-ALPHR).
79e# K.AtADBg.R*R-C*C42.SBtRgSIN(ALPHR)÷2.IASB$COS(PHI(1 ))-2.$AXRXSIN(
7010 IPHI(1)-ALPHR)
7020 GONE.(-H*SORT(H$H-4.K) )/2.
7030 GTUO•(-H-SORT(1HH-4.*K ) )/2.
7040 IF (A8S(GONE).LT.ABS(GTUO)) GO TO I
7050 G.GTUO
7060 GO TO 2
7070 1 G-GONE
7080 2 P-BD5IN(PHI(1))4G$SIN(PHI(1)-ALPHR)+R*COS(PHI(1)-ALPHR )
7090 B9tCOS(tPHI( ))÷GXCOS(PHI(!)-ALPHR)-RSINC(PHI(1)-ALPHR)
7100 S-G+BDCOS(ALPHR)tAICOS(PHI1 )-ALPHR)
7110 GDOT.PHI (2)*A*P/S
7120 PSI.AS IN(P /C)
7130 IF (PSIT.1T.e. GO TO 3
7140 GO TO 4
7150 3 PSI-2.SPI-ABS(PSI)
7160 4 DPSI.0(QPPHI(2),GDOT$SIh(PHI(1)-ALPHR))/(CECOS(PSI))
7170 AON E.9CO S (ALPHR ) ÷G
7180 BOIE.3,SIh(SALPHR)*G
7190 COI4E--(R+C$SIN(PHI(1)-ALPHR-PSI))
7280 DOM4E-CSCOS(PHI(1)-ALPHR-PSI)
7210 Z-(Q÷ASP/S*SIH(PHI(1d)-ALPHR))/(CSCOS(PSI))
7220 U-C(OiSIN(PHI( )-ALPHR)$PSA/S)/(CICOS(PSI))
7230 V- (OAIP*SIN(PHI(1)-ALPHP))/)$*2•TAM(PSI)/(CR222(COS(PSI))tQ)'I.
7240 1/(CSCOS(PSI)))2(2.tA*P*COS(PHI( {)-ALPHR)/S-P,2.$•S•$*P*(SIN(PHI(1)
72S0 2-ALPHR ) )t2S* t2 2AtOXS IN (PF4(1 )-ALPHR )S-At22SPII21S II4(PH I C I-ALPH
7260 3R )/'S13)
7270 RETURN
7280 END
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7290 SUBROUTINE IN3 (ZZZ.PHIT,DELPHI.GDOT,PSI,DPSIoAONE,BONE,CONE,DONE,
7300 IAAI.AA2,AA3,AA4,AASAA6.AA7,AA8.AAg.AAIO,AAII.AA12,AA13,AA14,AAIS,
7310 2AA16,AAI?,AAI,8AA19oAA20,AA21,AA22,AA23,AA24.AA2S,AA26.AA27.AA28,A
7320 3A29.AA30,AA31.AA32,AA33,AA34,AA35oAA36.AA37,AA38,AA39,AA40,AA41.AA
733e 442,AA43,AA44,AA45,AA46,AA47,AA4S,A.4g,AA50.AASI,AAS2.AAS3)
7340 DIMENSION ZZZ(4)
73S0 COMMON A.B,C.R.ALPHR.PI,ZZRI.,12,M3,M4.MPI1,12,13,14, IP.ERESTLAM
7360 I1DA,DELTAPHITOT,PHIPRN41,N42.r43,OMEGA.OM2,RCI,PHI1C.TESTI.TEST2
7370 2,TEST3,NGI,NG2,NG3,NP2,NP3,NP4,CAPRBICAPRB2°CAPRB3,RB2,RB3,RB4 TH
7380 3ETA1,THETA2,THETA3,RI,R2.R3,R4,RS,RNOIRHO2,RH03,RO4,RHOPoJ1.J6,J
7390 43,BETAd,BETA2,BETA3.BETA4,Dt,D2,D3,ALI1N,ALIFI, JTAMG,NT,
7400 6AL214.AL2FIN,AL3INAL3FIN,ALPHAI,ALPHA2,ALPHA3,INT2,T3,T4,MUt¶UI,
7410 7RCP,PSIC.SI,S2,S3.54.SS.A1,A2,A3,DPHI2,DPSl.,F34rAX,F23NAX,F12MAX,
7424 SFF34MAX,FF23MAX,FFI2MAX,PNP1AX.PHICUTD°AA.AN,S6.S7
7430 REAL Ml,M2,M3,M4,MPflUfU1,N41.H42,N4311,IIR
7440 PH[=ZZ..(1)7450 ýP7ZZ•]:-.
7460 IF LDPHI.EQ.0) GO TO I

7470 MU.A8S(MU)*DPHI/ADS(DPH)-
7480 1 IF (IN.EO.O) GO TO 2
7490 C
7s50 C UPDATE UALUES OF ALPH4AS
7510 C
7S20 DELAL3-DELPNISZZ
7530 DELAL2-DELAL3*RB3/CAPRl2
?S40 DELAL1.DELAL2tRB2/CAPR3.
7550 ALPHAI .LPHAI*DELALI
7560 ALPHAE.ALPHA2+DELAL2
7S70 ALPHA3,ALPHA3.DELAL3
7S80 IF (ALPHAI.GT.ALIFII) ALPHAIALIIM.
7S9$ IF (ALPHA2.GT.AL2FIN) ALPNA2=ALSII I'-
7600 IF (ALPHA3.GT.AL3FIN) ALPHA3,AL311,
7610 C
7620 C DETERMINATION OF SIGNUMS
7630 C
7640 2 IF (ALPHAI.LT.TESTI) Si1.
7656 IF (ALPHA2.LT.TEST2) S2-1.
7660 IF (ALPHA3.LT.TEST3) S3-1.
7670 IF ALPHAI.GT.TESTI) SI*-1.
7680 IF (ALPHA2.GT.TEST2) S2--1.
7690 IF (ALPHA3.GT.TEST3) S3,-1.
7700 IF (ALPHAI.EO.TESTI) S-0.
7710 IF (ALPHA2.EO.TEST2) 52-0.
7720 IF (ALPHA3.EO.TEST3) 53o0.
?730 IF (GDOT.NE...) GO TO 3
7740 54"1.
7750 GO TO 4

• 7760 3 S4-GDOT/ABS(GDOT)
7770 4 IF (DPSI.NE.0.) GO TO 5
7780 S5-1.
7790 GO TO 6
7800 S SS.DPSI/ABS(DPSI)
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786 6 IF (AA.HE.0.) GO TO? 7
7820 SS6.L
7830 GO TO 8
7840 7 SG*-CAA/APS4AAfl
7850 8 IF(Ar.NE.G.) GO TO 9
7860 $7.1.
7870 GO TO 10
7886 9 S7=-(AN/ADS(AH)
7990 10 C0tITINUE
7900C
7910 V
7920 C COMPUTATION OF AI.A2 AND A3
7936 C
7946 C
7950 AIAt.PHAIICAPRBI
7966 A2ALPmA2tCAPR92
7970 A3*ALPHA3*CAPRnO
79801 DENOMI¶1.+r1USMU
7990 tDEt4On1-.I.rUl*MU1
8900 P1.3.14159
80le C
86a@ C COMPUTATION OF AAl TO AAS?
89030 C
8046 AAI.ABS((MUIS(S4-SS)SSN(PHi-HLPMR)-(1.S43SSMqJ1fIIfl8CQSCOSPHI-ALP
805e IHR 1/DEN4OMI
9060 A2.ABS(MP1(COS(BETA4)-RU1*SS*5IN(3E',A4)j)/DENftI
9076 AA.AbS(MPsI(SH(ETA4)-RU1:S5zCOS(gETA4) 3)/DENOM1
B090 AA4-AfBS( (MPSRCPZ(SIN(PSI.PSIC )-flUISSZCOS(PSI+PSIC) ) )DEHOMI)
3096 AAS-APS((f1PZRCPS(COS(PSI.PSIC)*MlU~SS1NSI(PSIPSIC)),DENOMI9)
sloe AA6.A8Su(MUIS(S4-SS)SCOS(PHI-ALP4RI1.S42SSSPwquIMU1)eSIhcPHI-ALP
8116 IHR) )/DENOMI)1
8120 AA7*ABS(MP*(MIi1S58SCOS(BETA4).SIN(BETA4)))/'DENOM1
8136 AA8.A95(MP2(MU1*S5ISIH(BETA4,+COS3BETA4))),DENOfR1
8140 AA9-A9S((MPtRCPt(COS(PSIPStC)flUIzSSSSIMcPSIPSIC)))/DEHOMI)
8156@ AA1e. ABS(UMP2RCPS(SIN(PSI.PSIC)-MUIZSSSICOScPSIPSIC))),DENOMI)
8160 AAII.DONE.CONEI¶U1SS4-RNOPINU1ISSE(CAAIAAS)
8170 AA12.S6XRHOP*MU1*S51(AA2+AA7)
also AAl3.S7*RHOP*MUI*SS*(AA3.AA8)
Bi9$ AA14-RNOP2MU1*SS5ZAA4.AAg)
8206 AA15.RHOP*MU1I(AA5+AA10)
821e AA16.ABS( (- (MUtSS4-IqU):SItMcPH-ALPt4R.3ETA4),cI. 4uMUSIl *S4)8COS (PHI
8220 I-ALPNRIETA4) )DEHOM)
8236 AA17.A3S ((MURc1.-533:5IN(BETA34THETA3).c1..IiUtqU2S3)tCOSC3ETA3.TI4E
SE~40 1TA3) )-'DENOM)
8250 AA1S.A8S(fl41DEHOM)
8ase AAlQ-ADS(MUZ*M4/DEhOM)
8Z70 AA20 -ADS(C (1. +MUI:Rwgs4 )XSIH(PH I-ALPHR+3KrA4) + S4gtq I -eqU)SCOS (PHIg
8286 IALPI4R+BETA4))/DENOM)
9290 AA21-ADS( I -(.,flUZDXU*S3) *5 1N(RETA3,?HCTA3)+flUS(I. -S3)$COS (DETA3+TH
8306 IETA3))/1DEHOIU
9316 AA82.RI4-MU*(S3*(D3-A3)*RMO4g(AA17.AA2))
8320 AA23*MUXRHO42S62(AAIU.AAlqg
8330 AA24-MU2RH042S72(AAIUAAIQ)
8340 M02S*AOME.3OI1E2IJ1 3S4+NUZ*Rg4O4S AA16.AAOG)
8335 AA,'36vA1S(("U1U*Cl 1S )*S1NCI9ETA1.TiIC7A1 )-(1.-rPJWJJS1 )RCOC(3TAIT)41
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8360 ITA ) )/DENOM)
8370 AA27-ABS(MIDENOM)
8380 AAS•98BS(MIf1MU/DENOM)
8390 AA29-ARBS(MISRCIt(MU*COS(PHIIC+PHI4T2N41 )tSIN(PHI IC*N4ISPMHT) )/DEN
9400 IOM)8410 A.A30-8s ( (RISRCIS1(COS(PH I¢+N41'PH IT )-RUSS I t(PHIfIC÷h4l*PHIT') }),,DEh t•

8420 ION)
8430 AA31.APS(((1.-MUNMUSSI)SSIHI(BE'A14TNETAl)#+fU(1 .+St)*COS(DETAI÷tHE
8440 ITiT ) )/DENIOM)
9450 AA3B-.RS((MIIRCIV COS(PHIIC¢N41*PHIT)-MU*SIN(PHIIC*h4I*PHIT)))/DEh
8460 1O(i)
8470 AA33-ABS((MI:RCI$(SIN(PHIIC4N4ItPHIT)+MUSCOS(PHIIC÷h4N5PHIT)))'DEN
8480 IOM)
8490 flA34-CAPRBI-MUtSI*SAI+MU$RHO1S(AA26SAA31)
8S90 AA3SS6SMURRHOI (AA2V.AA88).+M*RCISCOS(PHI1C+N4IZPHIT)
8510 AA36•S7?MUIRHO0I(AA?7+AA28)-Mu:RCI*SIN(PHIIC4H4I$PHIT)
8S20 AA3? •-MU 2RH01 ( AA29€RR32 )

8530 At38,ABS(((I.+MU*tUSS2)ICOSC(ETA2-THETA2)+RU:(S2-1. )*SI$(BETA2-Ti8E
8540 ITA2) )/DENOM)
8550 AA3S-.ASd(U:M3/DENOM)
8S60 AA40'ABS(M3/DENOR)
8S57 AA41-#49s(((I.-MUMUUS3)SCOS(BETA3JTHETA3)-MU:(1.tS3):SIN(IETA3+THE
8580 1T~IA3).'DEOM),-
8590 A.42-ABS((( ,..MUtMUSS2)SIN(BETA2-THETA2)+MU(UI.-52)ICOS(BETA2-THE
8600 ITA2))/DIENOM)8610 AA43-ABS ( ((I. -MUSMUSS3 )*SSI(BETA3+THETA3 )4MU= ( •+$3 ) COS (BETA3÷THE" -:

8620 ITA)) )'DENOM)
8630 AA44 •CAPRB3-MUZS3*A3+MU*RH03$ (AA41 tAA43)
8640 AA4S--M1UIRH03*S6(AAS39RAA40)
8656 AA46i-r)UERH03ZS7R(AA39AA40G)
8660 AA4?7R93-MUZ(S22(D2-A2)+RH03t(AA38*AA42))
8670 RA48.ABS(trusgt.I.-SI)*SIM(BETAItTHETAI)•(1.t+UMflU*SI)*COS(IETAIt+THE
8680 tTAl ) )/DEtIOM)
8690 AA49-ABS(M2/DENOM)
8700 AASO-ABS(MuNM2/DENOM)
8710 AASIABS( MUS (.•2fSIN(BETA2-THETA2),(1.-I•U-RUZSS2)COS(BETAZ-THE
8720 ITA2) )/DENOM)

8736 AASdABS((Mr1UK(i.-SIl)COS(BETAI4THETAI)-( 1. tMUUSSI)SSIN(BETAI+TTE
8740 lTAl)u/DENOM)
8750 AA53.ABS(((I.-MUItU:S2R)SINIIETA2-THETA2)-NU:C1.•+2)ZCOS(IETA2-THE
8760 1TA2 )/DEhOM)
8770 RETURN
8780 END
9790 SUBROUTINE IN3A (AAS4,AASS.AAS6AAS7 CAPRBZMdIJ.RH02,AASI.AAS3.
8900 +S1,S2.A1,A2,SG,S7,AA49,AASO,AA4S,AASh,DI,RJ,)
8810 REAL MU
8820 C THIS SUBROUTINE COMPUTES AA54-AAS?
8838 AA54•CAPRB2.MU*RH0t (AASI*AAS3 )-MU*S21AS
8846 AASS--MUtRH02.S6t(AA49.AASO)
39s0 AAS6--MUZRH0NZZS7(AA4O.AAS0)
98660 AAS7 R32-NUlS I *( DI-AI )-tUSRHOQS (AA43AASa)
8870 RETURN
8980 END
889f SJDROU1IN( ALFA(CCPW 33 THETA CWO NO ALIN.ALUIW)
890f AL ZN-( (CAPRBR)3 ) ( )-STOA1 cmi 4 -&ginl )IU
3910 ALF IN -SORT (CCAPO3CW-CWrl UC I) /"CAM

j7r
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e926 E,40
S;4e SJIROUTIME GCtU•l uTcr,AA.Ah%

S AA.0.

Os1e GO TO 50

go00 Se IFiT.EQ.TjF4(j)) J*1

Polo l IFJ.GE.H) GO TO 39 .",..06 :F tT.CO.TIM(J)) GO TO 10
9030 F ,T.GT.TIM(J+lfl J*J.1
9040 IF (J.CL.H) GO TO 30
90Se GFTE.I4.) O TO 40
94r•a IFIT.GT.TIM(J).AN©.T.LT.Tlm(J*t)) GO TO ,.
90,70 IP(T.LT.TYM(J)) GO TO S
g0s0 GO TO 20
9e9 10 AA-.G(J)
9t0e Ah.GLtJ)
9110 GO TO less912.0 Z AA #t• G iJ )#(G(J- I -G(J I))s(T-TIRIJ ))/(TIM(J•l )-TIN(J))) ".

9130 AN.- CLtJ)(GtL(J-1)-GL(J))$CI-TIf(J))'(TIMCJ*l )-TIN(J))- .
T14, GO TO 10"
9150 30 AAG(h
9160 AN.GL(N"
9170 GO TO 16"
9180 40 AA.G(J.11

gas$,. JJ*,

9gZ0 AN.18.132.21AM
94230 RTR
9240 EIND
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APPENDIX C

CONVERSION OF TWO ROTOR SYSTEM TO A.N EQUIVALENT SINtGLE ROTOR

I.

I-;1

'Z-
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The computer simulation has been written to model a pin-pallet runaway es- .
capement with a three-pass involute gear train driven by a single rotor. The
PATRIOT M143 safety and arming (S&A) device is an example of a mechanism which "
could be modeled by this computer program with the exception of the single-rotor W..
requirement. The PATRIOT S&A incorporates a detonator rotor and a balance rotor.
This two-rotor system is used to reduce the effect of lateral acceleration on the
timing function of the device. For example, suppose a lateral acceleration AN
results from a missile maneuver in the positive X direction (fig. C-i). From the
position of the rotors shown, this acceleration would result in a counterclock-
wise moment on the balance rotor, as well as a counterclockwise moment on the
detonator rotor. Since the rotors are of equal size and number of teeth, and
have similar mass properties, the resulting reactions are virtually equal and
opposite, greatly reducing the effect of the acceleration in comparison with the
effect the same acceleration would have on a single-rotor system.

To use the computer program to model the PATRIOT S&A, the two-rotor system
must he modeled as a single equivalent rotor.

Detonator Rotor

Using figure C-1 , the moment balance written about the pivot of the deto-
nator rotor can he expressed as

-FR fD =AA mrD cos (BD +450 + a)

- NmDrD sin + 450+ ci)+ IDaI (C-I)

where

F = contact force between balance and detonator rotors %

R = base circle radius of balance and detonator rotor gears

f detonator rotor pivot friction torque

M) = mass of detonator rotor Ft
rD = distance from pivot center to c.g. of detonator rotor

AA = axial acceleration of missile

AN = lateral or normal acceleration of missile .

a = angular position of detonator rotor

BD = angle used to locate c.g. of detonator rotor

ID mass moment of inertia of detonator rotor
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1" Balance Rotor

Similarly, the moment balance can he performed on the balance rotor. At
* present, the resistive moment contributed by the delay escapement assembly is not

included. The resulting equation is as follows:

- FR - B A A mB rB cos (aB- 450 + I 
I

-; "" ~(c-2),.-.B A BB B 1' '-.- A N hBr B si ¢ - 490 + YI + (BC-2):'i

.' where

m B = mass of balance rotor

a. B angle locating c.g. of balance rotor
B

rB distance from pivot center to e.g. of balance rotor

= angular position of balance rotor

'fB balance rotor pivot friction torque

F.quations C-I and C-2 can now be combined to form a single equation eliminating

the dependence on the contact force F.
f1 + fD A -A mD rD cos D 450 + a)

+ AA mR cos (B -450 + 0 )

+ A m r sin (8 + 450 + a
N D D D

- m r sin (B - 450 + + I - D -
'I BI D I(C-3)

Recognizing that since the two rotors are of equal size and number of reeth,

a= - (C-4)

a = , (C-•)

- ~(C-6) -

"From f titire C-I it can be rpen that

3 - 45' C-7)

Ir



Using the gear ratio N4 1 (equation A-79), the balance rotor angle and its deriva-

tives can be expressed in terms of the escape wheel angle • and its derivatives
as : -

*i~ N41 • (C-i 0)

Again using .appendix A, equation A-80, the balance rotor angle can be expressed

+1 = + Ic N4 1 % (C-Il)

Finalyv, rewriring cqlation C-5 with this information

cos + NA) -rCrS + N + 45 0 - N4q l

B [r A I4 T B I s) 4 45 , D 41 T-

L' ImBrr s3 n ilc + N - mDrD sin + - 41- T

+ i + N '
B' 41' (c-12)

At thiýý p,,int, uqpitlon C-1?2 can be compared to the moment equation for the rotor
(C"eIt i 1•% - jP) in appenudix A). It can be seen that the effective moment of

I.
ti2 'r t i ; C'1. Lcru he pres sed uns

] ) ' i(C-13)

""wlit L 1,' I ..u b . that aC dditional "driving torque" terms (in the coetf i.
,!,.'.u• , c. .. ,1 - h," right hat' side of the equation) have arisen. Tracing

11.,- , .4 'i,-'• u ,, ,''o .pii''s-;1o,' back in appenr ix A, it is found that equa-
¶ ,.. -.. . . f.,. i led to accoun t for t(he ad d it iona 1 cont ribut ion n

1,, r,1,"n ,,' .,*I, ± • - "T

A , .4 .. r +
1 1 I "4 T'

'4' 1(C-15)

L.';'<(C-lH)



To avoid significant mathematical complexity, this modification does not account
for the pivot friction of the detonator rotor. In ap,-ndix D, a revised version

of the computer simulation is presented for the M143 S&A. All revisions of the

program to make it suitable for simulation of the M143 S&A are clearly identi-

fied.
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PROGRAM M143SA
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_O PRCC.ýAM FU43SA(INPUT.OUTPUT.TAPES5'NPUT,7APE6°OUTPUT)

e"', NcTE THE INCLUSION CF M143 $&A PARAMETERS IN COMMON
2ýC AND REAL STATEMENTS UHERE APPLICABLE IN PROGRAM
2S( C

1.0 CQMMON A,P,C.RALPNRPIZZ,MI,M2.M3.M4.MP.1I,12,13.14,IP,EREST.LAM
I0 :)A, DELTAPHIT0T.PlHIPR,N 41 42, i43,OMEGA,OM2,RCI.PHI1CTESTI,TEST2
E60 2,TEZT3,N,;:.,rG2,NG3,NP2,MP3,iP4,CAPRBICAPRB2,CAPRD3,RB2,RB3.RB4,THIE70 --ETAL.THETAE, THE7A3 , R ,R2,R3,R4,RS,RHOIRHO2,RHO3,RHO4oRHOPJI,J2,J •• .

2 3 43.,ETi1IBETA2,EETA3.BETA4,0,.D2,D3,ALIIN,ALIFIN.J,TANGNT,
-190 6ALZIMAINL2lN,AL31N.AL3FIN,ALPHAIALPHA2ALPHA3,INT2,T3.T4oMUaMUI"
N3ý -RCP,PSIC,,,12,S 3 ,S 4 ,SSA1,A2,A3,DPHI•2,DPSI2,F34MAX,F23MAX,F12MAX,311. SFr34MA<,rý23MA;4,VF12MqX,PNiMAX,PHICUTD,AA,AN,SG,S?,BD,RD, ID,MD - -

32k CMM-,N -- ETA/ PSI,TIME,G,DPSI,GP
30 -'CMC0N GCV TIMkI.g),GA(100),Gt.(Ie),N
34V DIrEN;ION AUXtS,2), AUX2(8,4). PRMT(S), PHI12), DFHI{2), X(4), DX( -.
350 14)36(l REAL MiM.2,PI3,M4,MP,I1,I2,13,14,1P,LAMBDA,K,H4!,N42,N43,JI°J2,J3,N . .,.

370 tG1.HG2.NG3,NP2,NP3,NP4,MU.MUI,ID,MD
S50 E'£TERNHL FCT,OUTPFCTF,OUTPF

290ý C
400 c READ IN 4ND URITE DATA
402 URITE(6.310)
404 300 FORMATt'ESCAPEMENT DATA*///)
420 REAr(S,a2eA,BC,R.ALPHA

430 URITE(f,231 A,B,C,R.•1LPHA
431 REýD(5,321) BETAIBETA2,BETA3,.BETA4
4321 WPITE(6,4I) 8ETAl.BETA2,BETA3,BETA4
440 REA4D (5,24) EPEST,LAMEDA.DELTA " '

450 URITE (6,2S) ERESTLAmBDA,DELTA
4S2 URITE'6,301
454 301 FORMATi.'//'MASS PROPERTIES,//")
40 READ (5.e6) MI,M2.M3.M4,MP
470 URITE (6,27) M1,M2,M3,M4,MP-
480 READ (S,26, i1,12,f3.14,IP
490 URITE (6,28) I.12,13,14.IP
492 WRITE(6,332)
494 302 FORMAT (///*MISCELLANEOUS PARAMETERS'///)
see READ (S,293 RC1,RCP,RHOPPHIICPSICCDPHID.PHICUTDMU,MU1I
510 URITE (6,30) RCI,RCP.RHOP,PNIIC,PSICCDPHIDPHICUTDMU,MUI
5ae READ (5,3J) PSUBD1,PSUBD2,PSUBD3,NGt,NG2,hG3,hP2,NP3,HP4,CAPRPloCA
53e IPRP2,CAPRP3,RP2,RP3,RP4,THETAI,THETA2,THEIA3
S32 URITEt6,303)
;34 303 FOMAT (///'GEAR PARAMETERS'.//) .

c24e WRITE (6,35) PSUBD1,PSUBD2,PSUBD3.NGI,NG2,NG3,NP•,NP3,hP4,CAPRPI,C
5se !APPPZCPPP3,RP2°RP3,RP4,THCTAITHETA2,THETA3 **-
56e REAL (5,32) RH0l.RH02,RH03,RHO4
S73 URITE 16,37) RHOIRH02,RHO3,RHO4

3 REc (5,33) CAPRBI,CAPRP8,CAPRB3,RB2.RB3,RB--sj UPITE (6.38) CAPRBI,CAPRB2,CAPRB3,RB2,RB3,RB4'"-"
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i6) READ (S,33) CAPPOI,.,ARO2, CAPRO3,R02,RO3,RO4
6W• Ui1ITE (6,391 CAPROtCAPRO2.CAPRO3,RO2,RO3,RO4
6,7.0 REA t5,34) J1,Je,J3
63A URITE t6,40) Jt.J2,J3
632 URITE(6,304 N
634 31)4 FORrAT(./-,'ANGLE INDEXING PARAMETERS*///)
fk0 REAý'zSSS) TANG,NTclO UR.TE16,90; TAhG,NIT "

Z5 %3 S 9 FOR•M4T ýFlO.--,13) '
69;3 9,O FORMAT t2X,'TAHG - ',FlI.3,3X,'NT ',13/)
7(10 C

C-A) C READ & URtTE SPECIAL DATA FOR M143 S&A
7~C

74k C
7S5 0 READt-.200) BD.RD,IDMD7CO uR ITE L16, 20 1) -
770 URiTE (6,202ý BD,RD.IDMD
7s0 20 FOCrIATO2F!e,6/2EI2.6)
790 ei F.R.A7t - / 'SPECIAL DATA FOR M143 DETONATOR ROTR*'/')
600• 2%a FO ,MTk3),*BD • ",Fl0.6,3X.RD - ".FIO.6.3X,'ID ,E2.6.3X,

s30 C;' .
F40 R EAD) & UPITE ACCELERAT:ON DATA
$60 C,":

862 UP ITCT • 6, NS,
8;.a 305 F-OFR, T(/.,',"-CCELERAT]OhI PROFkLE DATA'///)8"•0 RcmDS,91 ) N '',i2S13 91 FORIH T' ) r-

89,, R(EAD (S-,92,( T M( J),GAt J)oGL(J ),J.I,M)
90i0 92 FC.Rr1-T (3FI0.3).
910 .URITE 16,93' iTIM(J),QA(Jk,GL(J),J.1,N)
920 9 FOPMAT (F10.2,4Y,Fj0.2,4X,Fle.2/)
930 UlPITE (6,94),40 94 FO•I~ifT4-1 ,/)22-'

960 c
970 C INITIALIZATION Or FARAMETERS AND CONUERSION TO RADIANS
380 C9S0 C "''

"1000 J.0
1010 T:M.-.
0,2o P, I CT-o.
1010 PH.;P. .PHID
loSe D;512*.O.•.

10se F2M×OF;7•o-e, . - .---

9r0
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11:0 FF12I9AX.0.
1120 PNMAXo0.

11.3.% PI-3.141$9
1140 ZZ-PI/t8o.
115e PHIICPHIIC*ZZ
1160 PSICC.PSICCDtZZ
1L70 PSiC.PSICC
I1l0 ALPHR.ALPHAtZZ
1190 C
1200 C
t21k, C NOTE M143 PARAMETER 8D TO RADIANS
120 c
1230 c
1240 BD.BDtZZ
12S0 C
1260 C
1270 C CONVERSION TO EFFECTIVE MOMENT OF INERTIA FOR M143 ROTOR SYSTEM
1280 C -% '
1290 C
J330 II,1141D
2320 C -.
1320 C COMPUTATION OF GEAR RATIOS
1330 C -"

1340 114I•-NP2*NP3*NP4/(NGI.1NG21NG3)
1350 N42•NP3SNP4/(NG2*NG3)
1360 N43.-NP4'NG3
1370 C
1360 C CONVERSION OF PRESSURE ANGLES TO RADIANS
2390 C
1400 THETAI.THETAItZZ
1410 THET2 THEtA2 tZZ
1420 THETA3-THETA31ZZ
1430 C "
1440 C DETERMINATION OF GEAR TRAIN CONSTANTS
14S0 C
1460 TESTI-TAN(THETA-)
1470 TEST2-TAH(THETA2)
1480 TEST3-TAH(THETA3)
1490 D11(CAPRBI+RB2)*TAI4cTHETAI)
1500 D2- (CAPRB2+RB3 ZTAN(THETA2)
Isle D3, (CAPR33+RB4 )TAN(THETA3)
1S20 C
1530 C DETERMINATION OF EARLIEST AND LATEST POSSIBLE VALUES OF ALPHAS
1540 C
2S55 CALL ALFA (CAPRBI,RBe,YHETAICAPROI,RO2.ALIIN,ALIFIN)
2S60 CALL ALFA (CAPR2,RB3,THEETA2,CAPRO2,RO3,AL2IN,AL2FIN)
iS70 CALL ALFA ICAPRB3,RB4,THETA3,CAPRO3,RO4,AL3IN,AL3FIN)
1590 C
1590 C INITIALIZATION OF ALPHAS

e600 C
!610 ALPHAI-ALIIN4CALIFlN-ALIIN)IJ-
1620 ALPHA2,AL2IN+(AL2FIN-AL2IN)XJ2
1630 ALPHA3-AL31N4tAL3FIN-AL3I1)SJ3
1640 C
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1650 C DATA FOR RUNG•E Ku'TTA
1660 c
1680 PRMT 14 )..01

1690 fiDIM.2
1700 NMDI r.2"4
1710 PHI( I ).PHIDKZZ
1720 PHI (2)-0.

IT3
1-42' C COUPLED GOTI~iC~ '-

C 1 PRTI I. )TIME
ie PRMT(t3J..0001
1?aQ D::ý I4 1 -.. S,'""-

1790 DPHIt2•._
1300 IF LPHITOT.GT.30. .AND.PHITOT.LT.(PHICUTD-30. ) GO TO 2
1S10 uk I TE 1 6,42)
16c-1 CALL u kE5 (PRrIYPHIDPHI,NDIM,IHLFFCT.OUTPAUX)

is30 IF %PRMT (51EO. 1.) GO TO 21
IFJO IF (PHITJT.GE.PHICUTD) GO TO 21

IS61 C TEST FoP ET7PANCE OR EXIT ACTION
I6- 

R 

C

120 V ,'i.. GO TO s
IS9Q PHI 7FHi t I
1900 IF tPHrD.LE.TANG; GO TO 3
1910 00 TO 4
1920 3 PH(I ).fHf( l )+DELTAIZZINT
1910 PHIPP.FHI I )/'2-
1940 PSI-PSl.2.*PI-LAMBDAtZZ
I ?SQ PS I C -PSI C C 4 L6!BDAIZZ-
1960 GO TO S
1970 4 PHI1)-PHI(2I -DEL

T AIZZ*(NT4I.)
PHIPRFH ( F 1 22I* I -,'ZZ

1993 PSI•PS[-2.*PLAfMBDAtZZ 
,. .-

2e00 1 FS S CI""]CC
zela c
2028 C FREE MOTION "
20-h C-. •

2040 S PRMT'i1.TIME "2

225$ X( I P.kI( 1)
2060 X )(2PH1(2)
2070 Xi 3 ).PSI
202•0 Y. 4 )--CPS.
-, (A Dx( 1 -. 25

2104 DX( 3 !.2' 5
,Z I e 5•,X( 4)'•

2130 PRIT' 3). 0001
2143 IF (PH4TTOT.GT.3B..AND.PHITOT.LT.(PHICUTD-3B.)) GO TO 6
21W0 UWITE !6.43)
.:1e:0 CALL ;KGS (PRMT.X,DX,NDIM2,IHLF,FCTFOUTPF,AUX2.
2:70 I {PHITOT.GE.PHICUTD) GO TO 21
E1l0 PHI (I ),X( I
2190 PHI(2).X(2)
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222e IP•.. I -ALPHR k- - k --

2230 GO NE't- m+5QPT(H lH-4"$K))/2 . --

2240 GTW0-(-H-iQPT(HlH-4.*K))/2,
225%) IF (APSiG)NL).LT.ABS(GTU0)) GO TO 7 .

2260 .GTUIO

•300 ~IF iGP.LT.Q'.) GO TO 11 ,'

2310 IF ,FHIC.LE.TANG) GO TO 9 .- y

2-.20 GO TO 10-'L-,
2 3 3 ; k I? F H I t l ', P WI ( 1 ) +D E L T A 1 2 Z" *H T
2341) PHIPr'PHI(I)/ZZ ,"

235O PSIP-:I-2.*Pl-LAMBDAlZZ
2360 P,:!C.PýI•CC÷LAMBDA•Z '-2-

217 0 Go TO S 5-.
2•O 10 PHZ•il-F•I(I)-0ELTA*2ZZ (HT+I.) -.-

2390 PHTPRFPHI(l )/•Z Z*
2400 PSIPSI-2.lPl#LAMBDA$ZZ ''•

Z410 FSI ,P1- s CC•,' '

2420 GO TCS

F 4 ý0 11, IF ,FHID.LE.TANG) GO TO 13 ••

2 4 4 %) C . "
2450 C EYIT ACTION .. ,

2460 C

P470 C COMPUTATIONH OF VELOCITIES UP AND US FOR EX17 ACTION
2480 C ''

24 30 A0 ME.B XCO•:ALP PR)+G2500 H.CNE.CCszSAPHIRlC-ALPHR-PSI(1)-A

2510 vFt.DNEb*DPSIRR2(
2520 ISh0HE!PHI(2)
2530 IF FpHITOT.GT.30..AND.PHITOT.LTO PHICUTD-3e GO TO 12
2S40 URITE (6,44) 0P,US

2550 C

2560 C EXIT ACTION TEST "-
2570 C
23s0 !2 IF GPHI(2).GEL.T.AND.DPSI.GE...) GO TO IS

25921 IF !PHi(2 .GE.D..A4[).DPSI.LE.e..AMD.ABS(VP).GT.ABS('jS)) GU TO 5 S-=

260e IF (PH]1(2 .GE.O..AND.DPSI.LE.e..AHD.ABS(U)P).LT.ABS(V5)) GO TO ISEI-2610 IF (PHI(2D.GE .. AND.DGSI.LE.G..AND.GB(UP).EO.ADS(US)) 
GO TO 

9

2620 lF (PHI(2C.LE.O..AN•.DPSI.GE.e..AND.AbS(VP).GT.AB$(US)) GO TO 10
2630 IF (PHI(2).LEtQ..AID.DZSI GE.l..ZND.ABS(UP).E9AlS(V5)T GO TO I.

Eb40 IF P PHI II .LE .. AD.DPSI.•E e..AND.ABS(UP).LT.ABS(VS)) GO TO 5)"' -

2650 1 F (PHSIC ).LE.M .. AZZD.DPSI.LEZ0.) GO TO 5

2E?0 C COnPUTATION OF VELOCITIES UP AND US FOR ENTRANCE ACTION-...
2632 % C.T"2690 13 F INE-BICOS(ALPHR)+G
2900 DONECHICOS(PHI(1)-ALPH-Ps2).

2710 UPFDE' PSI'C-

2720 US-AONFlPHl(Z

2460 C.
2470C CO~uTTIONOF ELOCTIE UP ND S FO EXT-i4TIO

-.4-.0
2436 CNE.BCOS'AFHR-

2506 CNE.)COS(H~tl)-ALPR-PS
2516 F-DOI.4UPS

2520 U"-""EI.II.

25)0 IF F,-1TOTGT.3..AD.PITOTtT~PHICTD-0 3)00 0 1



2T3e :F (PH: TOT.GT.3,). AN.'DPHI TOT. LT. (PHI CUT D-30. 1 GO TO 14'!I

2?4k) L•R TE t6, 4 4 ) W, U5tm d

27,0 C ENTRANCE ACTION
27-0 (
27s%, 14 IF 'PP•I•2).GE.O..AMD.DPSI.GE.e..AND.ABG(UPioGT.ABSKU5)) GO TO S
;:Tgc IF (PHI,(2).GE.O..AND.DPSI.GE.e..•ND.ABS(VP).EQ.ABS(US)) GO TO I
.Sko0 IF tPHlt2).GE.D..AMD.DPSI.GE.e..AND.AB5(VP).LT.ABS(U5 ) GO TO 19 ..2s'.0 Ia .PqI(2* .LE*S .g ANC*.PSI.GE.O. ) GO TO 5 4.-.

Q_3 2.0 IF ý Pý41 t '-1. GE.-0..-AND.LPSI.LE.O. ) GO TO ISr '
r-'• kr- tHI ,(2 .LE.0..At'iD.DPSI.LE.O..AND.r-B5(VP).LT.ABS(US i GO TO S .

234Q,0 IF (;1,[(2, LE.O..A~i'D.DPSI.LE.0..AND. ABS(VP).GT.ABS(VS) I GO TO 15 '
29-20'@ :F LPHI(2).LE .0.. A,). DPSI. LE.e.. ANI.ABS(VP ).EG.AB,(US)) GO TO0 I

28-?e c 1 NP'ii ,T I

2.s 1ý C IS CALL IrNPACT tPHI(1).PHI(2),PSI,DPSI)
2,1:.0 H -2. 1t 22,,COS ( ALPHR )*AtCOS ( PHI ( 1 )-ALPHR )
291t) k -,•t*2÷B t*•* P*2- C*12+2. *BIF)*S IM(ALPHR )'2. *AtBICOS( PHI ( I))-2.*AIRS29zo I$1*PH (I )-ALPHR)
29 31 ,.OriE. - -H +.S(-r(T (HI P.-4. *K )1)2.
2S40- (;TUO-t -H-SGRT 04S 92-4.SK )192.:•F Fy(o. .NE3.LT.AB.S(GTUOuO GO TO 16

2990 17 C ONT I'lIuE

cCO3 C

JeiJ• L1o20 C TEST FOR .C IT bCTIOO N
3e2o C
3,40 PHIE-PHI( 1)/ZZ :-30 IF (PH2D.LE.TANG) GO TO 19-

3C63 c•
307e ': ExIT A^TION

30wo C C CMPUTAT IONl OF VELOCITIES UP AND VS FOR BOTTOMl ACTION '
3!00 A0NE.8*C05(ALHP( )*\G''cSOO DUN LG ( PHI I.-ALPHRw.PSiG3 • IF UP L DOrNE t DP51 'I'" O

2130 uS-A614EIPHI (2) .-140 IF (PHILTOT.GT.3..AND.PHITOT.LT.(PHICUTD-3o.)) GO TO 18
c1%C URIT^ i L,44) VP,VG
2160 18 GO TO 1

817e C

31O EXIT AýTIO*, "TESTS

.21ae IF i PH:i (Z, ,CC. . AhD. l-S I . GE.e.) GO TO I - '1 1 7 C i G•- P1.AD.HPSI2 E..SAND.AISPSP)).GT.ABS(VS)) GO TO S

22 0 SI (PHI( ).GE...AhD.IPSI.LE.O..AHD.ABS(VP).LT.ABS(V$)) GO TO I

--24e I; 'PH.'t 2 LEe.O.Ah,'..DPSI.GT.O..,ArD.ABS(UP).LT.ABS(VS;) GO TO 5 -,250 I (PA?'(.LLT.ADPS(U.GT.O..ATD.ABS(P).GT.AOS(VS)) GO TO I
-- 2?70 IF (P•!47 wiO.•'D. DPSI.LE .0.} GO TO S .;.
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" "29C COMPUTATICN OF VELOCITIES VP AND VS FOR ENTRANCE ACTION

3310 19 AONE•BSCO-(ALFWH)#G332-0 -'• -C ICO-; ý PH I ( 1 ) -ALPHR-PS I %-'
333%) 11-DONE'lFS I •'

3340 v,-AONE *FH I(2) ..

3= Ii (PHITC.T.GT.30..AND.PHITOT.LT.(PHICUTD-30.)) GO TO 20
23Ek luQITE t6,44) QP,VS

2370 2kl Gou•PSk.F-LS).LT.1., GC TV I
-33S0 C
2330 ^ ENHTRANCE ACTION TESTS
3400 C -

3 4. Ek I F (PHI(2,.CEe.. WND.DPSI.GE.0..AND.AB5(UP).GT.ABS(VS)) GO TO S

342) IF PH 12.GE.0..AND.DPSI.GE.-..AND.ABS(VP).LT.ABS(US)) GO TO 1
344k I (PHI(2).LE.O...AND.DP5I.GE.0.) GO TO S

3450 I F FhI.CE.0..•.D.DPSI.LE.8.) GO TO I
3460 IF (PHIa).LE.O.A.D.DPSI.LE.e..AND.ABS(VP).1T.ABS(US)) GO TO 1

3470 1F (PHI ()E.@..AND.DPSI.LE.0..AND.A8S(VP).LT.A9S(VS)) GO TO -

3490 21 LTjE G, 4 F34MAX, F3MAX,F MAX, FF34MAXFF23MAX, FF1MAXoPMAX.
2sklo ATM-TI ME
35•10 L-RITE(6,7S) ATM
3520 -S FOrMAT(' THE ý&A ARMS I1N,2X,F6.3,2X,*SECONDS.")

35 40 C
3550 C

3570 22 F(ORMAT (SF10.5)

15K.SX,6HA'PHA-,F9.4/ )
3000 24 FCrMAT (3F10.5)-
310 25 FORMAT (IH SX,6HEREST-,FS.2,3XTHLAMBDA-.FS.3.3X,6HDELTA-,FB.3/)
j6ea 26 FORMAT (SE!2.S)
3630 27 ORMCAT (.H ,SX.4HMI .,E19.5,X,4HM2 *,E'5.S,3X.4HM3 -,EIS.5,3X,4HM
3640 14 ,EIS.5,3X,4HMP -,Eis.'s)
3650 28 FORMAT (1H ,SX,4HII -,ElS.5,3X,4HI2 -,EIS.5,3X.4HI3 -,EIS.S,3X,4HI-
3660 14 *,EIS. S.X,4HIP .E IS.5)
3670 29 FOPMAT (6FI0.4/3FI0d.4)
368EC 0 FC;MAT (6X,SHRCI -,FT.4,3XoSHRCP -,F7.4,3X,6HRHOP .,F?.4,3X,
3690 13),.7HPHI:C -,Fg.4,3x,8HPSICCD .,F9.4.3X,6HPHID -,F9.4//6X,
3700 29HPHICUTD *.F6.0//6X.4HMU -,FS..3,3XSHMUI -,FS.3I-
3?10 31 F.RAT (3FI0.4/6F10.0/6Fj0.S/3FIO.4)
3720 -32 FOPMAT (4F10.4)
37-0 33 FOCRMAT (6Fi 0.S)
3740 34 Fo'mr1r (3FI0.2.
?7s0 35 FVRMAT (11i ,SX,3kF5LJBDI -,FS.1,3XBHPSUBD2 -,F5.1,3X,8HPSUBD3 -,FS
3760 1.16Xe,5.NGC1 -,F4.0,3XSHNG2 .,FA.O,3X,SHNG3 -,F4.e,3X,SHNP2 .,F4.
3770 20,3X,SHNF3 -,F4.O,3XSHNP4 -,F4.0//6X,SHCAPRPI -oF8.S,3X,8ICAPRP2
3780 3-,FB.S,3X,SHCAPRPJ -,FB.S//GX,SHRPP2 -,F8.5,3(,SHRP3 .. FS.S,3X,SHRP
3790 44 .,FS.S//6X,SHTHETAI -,F8.3,3X,8HTHETA2 -,rB.3.3X,BHTHETAJ *,F8.3

3800 5/)
3310 37 rCRMAT (6X,6HRH01 -,F7.S,3X.6HRHC2 *,F7.S,3',GHRHO3 -,F7.5,3X,6HRH3 8 t v) 1 14 - , F 7 . 5 / )

2-30 38 FORMAT (6X,BHCAPRBI -. F7.5,3X.8oCAPDB2 -,F7.S,3X,8HCAPR93 -,F7.5.3

3840 1x,S'DB2 *.F7.S,3X.SHRB3 -,F?.5,3X,5HRB4 -,F7.S/)
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J87 40 FOMA - tO5X4J -,F 414J -,423X4J -.

3880 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ p. 41FRA SHEAD-F:,X88T2 .723,HEAD-F..

3890 X,8HETA4 , F.2,l

3S3,3 4S FORMAT 6l0,X,8NCAPRO -*,FS 3X 8HG,6XOO IF7.5,XSCP *.V7.SlH,6 ,lF

330 4 OMT6,SBTI ,7a3,F6.ZETA2D *,XF.2,3MX.BBT *,P7.2,36,S
3940 1MX,8{-tA4D *,F7%.2XFF3MA

-950 2IFF12MAx -t.V6.2/lH0,6)(,:PNMfAX **,FG.2/)
396ý END
3970 SUPPOUTINE IMPACT (PHIDPHI.PSI,DPSI)
3980 COMMON A.P.C,RALPHP.PI,ZZ.M1,fla,M'3,M4,MP,I1,1a. 13,14,IPEREST,t.AM

.Q0 BDA,DELTAP?4ITOT.PHIPR,H41,t442.N43,OflEGA.OM2,RCIPHIIC.TEST1,TEST2
40 . TEST3, Ni. h2. NG3, 14P2. NP3,NtP4, CAPRBI, CAPRB2, CAPRB3.R92, R93,.RB4, TH

2al ETAI,THETA2,THEIA3,RI ,RaR3,R4,PS,RHO1.RHO2,RHO3,RHO4,RHOPJI.32,J
41--o 43.EE'.A1.BETA2.9ETA3.9ETA4,D1 .02.03,ALIIN.ALIF]N,JTAt4G,NT,
4,030 6L21NA12FIN.AL31N,AL3FINALPHAI,ALPHA2,ALPI4A3,XH.T2,T3,T

4 ,MUAMUI,
4040 7RCP.P1IC.S1,S2.S3,S4,SS,.A1A2,A3,DPH12,DPS12,F34I14XF23MAX,F12MAX,
41050 -F34MFF23MAX.FF12MqAX,PNMAX,PHICUTD.AAAN,56,S7,BD,RD,ID.MD

4060 IEkL I1,12,r3.14.IPLAIIDBDA.N441,t42,N43,ISTOTK
40-, ti STOTL14,111N4l1N41+12ZN42Uf4242133N43*N43

40SO H,.IBCSAPRIACSPI-LH
40() KtRSI(LR)2AISOPH)-2.ZA)RZSIN

4ieo I (PH I-ALPHR)

4122 GTUO-(-H-SQRT(H12-4.*K)(/2.
4130 IF (AB51OONE).LT.ABS(GTUO)) GO TO I
4140 G- VUb
4150 GO TO 2

4160 C 1 C.ONE
4170 2 SONE'B*cos("ILPHRj+
4180 DONE .CICOS(PHI-ALPHR-PS!)

4200 DPHI.('PtONEtDPS4*ISTOIXDONE;DPNI+IP*AONEZEREST/DONEZ(DPSItDONE-D
4216 :P.41lrO'ý4E))/(PSAONES*2/DO14E+ISTOT*DOME)
4220 DPSI.(LPHIIAONE-EREST*(DPSI*DOHiE-DPHIIN*AONEI)/DONE
4230 Pi4IL-PHI/ZZ
4240 PSID*PSI/ZZ
42SO IF (PHITOT.GT.3e..AtiD.PHITOT.LT.(PHICUTD-30.)) GO TO 3
4260 WRITE (6.4)
4270 WRITE (6,5) PHID.DPMIPSIDDPSI.PHITOT
4280 3 RETUPH
4290 C
4300 C
4310 C
4;32 4 FORMAT ( IH6,SX, 6HIMPACT)
4330 5 FORMAT (IHB,18IX,4HPHI..FB.3.JX.?HPHIDOT%,FS.3,3X,4HPSI-,FR.3,3X,7H
4340 lSID0T..F8.,3X.RHlPHI4T0T -*F9.E)
4370 END
4160 SUBROUTINE FCT (T,PNI,IDPHI)
45-10 COMMON A,B,C,R,At.PHR,PI,ZZM , M2,M3,M4,MP,I1.12.13,14,IP,EREST,LAM

*438a ib).ELTA.PHITOT,PHIPR,M41,M42,N43,OMEGAOM2,RCI,PHI1C.TEST1.TESTa -
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4390 aTEST3,,N;I,NG2,NG3,NP28 P3,NP4.CAPRBICAPRD2,CAPD3,RB0,RB3.RB4,TH
4400 3ETAl,THETA2,THET43,Ri ,,R,3,R4,PS,ROIRNOHO2.RHO3,RHO4,HOP.,J2,Je.J
4410 43,BETAI,BETA2.BETA3,BETA4.D1,D2,.3.AL:INALIFIN.J,TANGNT,
4420 6AL21N,AL2FIN.AL31N,AL3F1 N,ALPHAI,LPPHA2,ALPHA3,INT2,T3,T4,MUMfUI,
4430 7RCPPSICS1,52oS3,S4.SS.At.A2.A3,DPHI2.DPS:2,F34MAX,F23MAX,Fl2fAX, I
444e gFF34MAX,FF23MAXFF12MAX.PNMAx,FHICUTDAA,ANS6,S7,BDRD.ID,MD
44S0 DIMENSION PHI(2), DPHI(2)
4461. REAL h|,M2,t13,M4,P1P,11,12, 13,14,]P, IIR,N41,N42,N43,Mu,MU ,I.I roD "'''

4470 PHID-PHI.2 )'ZZ
4480 CELPHI-PHID-PHIPR
449@ PHIT-(PHITOT*DELPHI)IZZ
4see IN--
4510 CALL VINEM (A,B,ALPHR,PHI,R.C,G,P,G,SoGDOT,PSI,DPSI,AONE,BONE.CONE
4520 1,D0NE,U,U,Z)
4s30 CALL GCURUEfT,kAAN)
4ý40 CALL IN3 kPHI,PH!T,DELPHI,GDOTPSIDPSr•AONE,BONE,CONE,DOHE.AAIAA
4S50 12.3.AA5,AA6.AA7AA .AASAA9.AAIO,AAIAA12,AAI3,AA14.AAtS.AAI6,A
4560 2AI7,AAM8,4.AI9,AAA20A21,A22,AA23.AA24.AA25,AA26,AA27.AA28,AA29,A'
4S70 330,AA33,AA21AA33,AA34,AA35,AA36.AA37,AA38,AA39,AA40.AA41.AA4A2,AA44580 43.AA44,AA45,AA46,AA47.AA48,AA49,AASO,AASI,AA52,AAS3)

4590 C
4600 COLL IN A(AAS4,AASS,AAS6.AAS7.CAPRB2,MU.RH02.AASAA53'
461v I1,S2,A1,A2,SG,S',AA49,AAS0,AA48.AA52,DtRB2)
462U 1r ( PSItDP,1I2.GE.0.) IPRiPAAIS_,
4630 IF ýDPSI*DPSI2.LT.0.) IPR-IP-AA8S U"C3 3
4640 IF tPHI(2)lDPHI2.GE.e.) llR-ll+ABS(MU)9RHOlx(AA30+AA33)
4650 IF (PHI(2)zDPHI2.LT.e.) 1IR.II-AES(MU)*RHI•0(AA30tAA33)
4GG6 IF IIR.LT.0.: !!R.
4670 IF IPP.LT.O.) IPR'0.
4680 AAS.•A2511PRAU÷AAlIS14-AAIItAA22/(AA34SAA440AAS4)*(AA4?•AA57N41-
4690
470e Acl59.A343SAUSSIIH*4-AA4I*AA22*A37tAA47*AAS7IN411"2
4710 4.'(AA342AA44tAA54)A2A
4720 AA60 Am11 SA22/(AA34 AA441AAS413(AA35*3A4

7 *AAS5-AA34SAA471AASAA55 -
4730 1A4345AI45)AA54)+AAIItAA23÷AAI2t-AA-AA22$MPtRCP*SINiPSI+PSIC)'
4740 SI14(BETA4).AA25SMPzRCP:COS(PSI+PSIC)TCOS(BETA4)
47S0 AA61.MA113AA22/lAA34tAA44*AA54)2(AP36tAA47gAAS7-AA34XAA47*AAS6-
47,60 1AP34*AA46S4iAA IAtAA24tAA13tAA2A-S-A52SMPSRCP$S!N(PS1+FS|C)S k"%L

4770 2CCS(BETA4)-AA2S2MP*RCP*CO5(P5I+PSIC)ISIN(UETA4)
4780 CPHI(l)-PHNI2)
4 7,r 0 DPH!i2).(-AA59*PHI(2)W*2+AAG60AA+AAGIsAN)/AAS8 W-

48001 RETURN
4810 END
4Bee SUBROUTINE OUTP (T,PHI,DPHI,IHLF,NDIM,PR"T)
4830 REAL MI,M2,M3,M4,MP.II,12,I3.14, IP,IIR,N41,N42,N43,MU.MUl,IPR,MD
4840 DInENSIOH PHI(2), DPHI(2), PRMT(S)
4850 COMMON A,BC,R.ALPHR.PI.ZZ,M1,M2.,13,M4,MP.I1. I2.13.14,IP,EREST,LAM
4860 1DA,DELTAPHITOT,PHIPR,N41,N42,N43,OMEGA.0M2,RCI,PHIIC,TESTI.TEST2
4870 2,TEST3,NGI.NG2.NG),P2,HP3,NP P4,CAPR8I.CAPRB2,CAPRB3,RB2,RR3,RB4,TH
4880 3FTA1.THETA2,THETA3,R.R2.R3,R4,RS.RHOI.RHO2,RHO3,RNO4,RHOPJ1,J2,J
4890 43,BETAI,BETA2,BETA3,BETA4.DI.D2,D3,A1.IN,ALIFINJ.TANG,NT,
4900 6AL2INAL2FINAL314,Al3FINALPHAI.ALPHA2.ALPHA3. IN,T2,T3,T4oMU,MUI. ..
4c10 7RCP,PS1C cl.S2,S3.54,SS,A1,AP,A3.DPHL2,DPSI2.F34MAX,F23MAX,F 1-MAX,
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4920 8;'F34MAX,FF23MAX.rFl2MAX,PHMAXoPHICUTD,AAoAN,S6,S?,BD,RD, ID,MD

4930 COMMON /ZETA/ PSITIMEG,DPSIGP
494ýk PHID.PHI(1)/ZZ
49so DELPHIoPHID-PI IPR
49613 PHIPR-PHID
4976 PHITOT.PHITOT+DELPHI
4930 PHIT.PHITOTIZ'
499-3 IN4*0
S000 CALL KINE t A,2,ALPiR,PHI,R,C,G,P,Q,SGDOT,PSIDPSI,AONEBONE.COHE
S•ole 1, DONE, uEU. v. Z5020 CALL C.CURvEtT,AA,AN) ••-

E-030 CALL I!3 (PHI PHITDELPHI.GDOTPSIDPSI.AONE,BONEoCOHE,DOME.AAI,AAC-040 12,AAI,AA4,AAS,AP6,AAT,AAB,AAg,AAIe.AAtI,AA12oAA13,AA14,AAIS,AA16,A
SOWO EAI? .-,•I8.t;AI•,AA23,AA21,AA22,AA23,AA24,AA25,AA26,AA2'?,AA28,AA29,AA•

S060 330.APJ ,AA32,AA33.AA34.AA3S.AA36,AA37,AA38,AA~3 ,AA4e.AA41,AA42,AA4
5070 43,A44,•A45.AA46,AA47?AA48.AA49.AAs5eAASIAAsaAAs3)
ý080 csaýgO CALL lN3HtAA54,AASS,AA56,AA5?,CAPP82,MU,RH02,AASIoAAS3,
s•0 471,5;-,AI,A--,56,S?,AA49,AASO,AA48,AA52,DI,RB2)'• "

5 1b3 IF {DPSIlDPSI.CE.0.) IPR.IP+AA1S
5. 3% IF (DPSIsD;35I2.LT.0.) IPR. IP-AAIS IF

5140 IF PHI(2)2DPHI2.GE.0,) IIR.I1.+ABkMy)RHO1g(AA30+AA33)
sl.5O IF (;;HIt2lt ,PHI2.LT.@. IIR.I1-ABS(MU)SRHOI*(AA)B+AA33)
5110 IF i]IP.LT.0.) IIR- ,).
sI7T) IF tIFR.LT.0.) IPR- ,.
C;1 I O '5-i,,=AA2',tIFPtij+AAIII14-AAIIZAA22/{AA341AA441AA54)$(AA47$AASIN4I %
5190 Iti:I•+HA34tRPS4t1]I•4.4-AA34SAAatT25N42) •"-

5200 AAS4.kA14*Pu,2S4SPUt AA2S*IPR1U-AA* IAA22t AA37%A4 71AAA57SZ 413-"
I.-."

bc,3 AAC%3J.AAll(P A2e'4AA34*AA44tAA(4)t(AA34SAA475AAST-AA34tAA4?IAA45-5:; ,; I kA -4 1AA 45 tiAS 4 )AA 119AA23 +AAI2 SAA25 -AA299MP PCP$*S 1N (PS I PS IC )I t
524•o 251 r" tB LT ý, 4AA-:51 PI PC P *COS (PS 14PS I C) ICOS (BE TA4).-•
S525o AAC-l-,AlAI|IK2/(ýA3j4tAA44tAA54)*((•]61•A47tf4AS7-AA345AA47tAA66- L•'
52Eo I AA34, •48,•t54 )+AAl•i ,AA24+AA13,AA25-AA25*MP ,RCP ,•IN(P5 I'PSIC )I i i

5:170 2CO5SE•TA44-AA251MPsRCPSCOS(PSIePSIC)%Slti(BETA4)

5220 DPHI;'(-AACS9PHI(42J S +AA60$AAEAA61NI2)'AAs8

S 3 0 0524• 1PSI+.IP5I•*h1PIN(2E~)ICSPSI(2 ICCO(3T ,." .N(SISI

Shia COrPu7ATIOC OF CONTACT FORCES 4))-_

53ie F 34. I(AA34 SA(44 4A54 ) I( (AA351AA4?&AAS?-AA3 42AA471AASS-AA342AA451 "
5340 IAAS4!tIAA+(AA36$AA47tAAS?-AA34&AA4?$AA56-AA34tAA46SAAS4)*AN+AA3?I •

H50 2-A447tAA572N4,*$32*PHI(2)$PHI(2)+(AA47sIAASISH41211R+AA34*AA5451]xN43 -

S5- ,0 3-f-A342AA47$I2*h42)lDPHI2)
5370 723-.4(A4441F34-AA455AA*AA462AN-I3sH43&DPHIE)/AA47
5380 Fc',E(AAS4SF23+AA55SAA*AA5S6At4+|2XN42IDPHI2)/AA5?-.-

5390 IF (P34.GT.F34MAX) F34MAX-F34S4eO IF (F23.GTF23MAX) F23MAX*F23 I-

54-1 IF ýF12.GT.F112MAX) frl2MAX-Fl12- -
,42" P'4.(-'441DPHI2-AA22SP34÷AA23*#AiQ+AA41AN)/kA• "'•

5440 1PSI+PS'C)ISIN(BETrA4)-C0S(PSI+PSIC]IC0S(BETA4))+AMI(SIM(PSI#PSIC)I

5460 IF (PN.4.TPN'AX' PNMAX-PN - '
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S460 C TEST FOR ChNT1'lUAiTION CF COUPLED MOTION
S490 C

$490 C IF ( .)OT.(G.LT.0..6ND. P.GT.0.)) FT -)2.

s5r"2.• c UPIlTE OUTPUT
5sse c "
5S40 P5I D-PSI, ZZ."Cs,5$ IF(J.0.J,1000 i00e) GO TO S0

S .:Zco lF IPHIToT.GT.30..AND ,PHITOT.LT.(PHICUTD-30.)I GO T"0 I-' .

55' 0 URIT'E (6%,P) T,PHIC-. HIý2ý,(.,GDOT,PS.'n,DPý1,PHITOT,F34,F23,F|2,PH,P • .-

Sc59J0 I TIME-T.•- -

S600 J•J1"
5610 kFs PHI1'OT.C.E .PHICuTD) FRMT15)-l. I-
5623 PETURN
5.)0 C

6SE0 o Frri.T tx,,3HT -, .$.SIX,SHPHI -,F6.2,,..-HPHIDOT -,FG.2,IX,3HG ,

S660 IFt-.4,1×,6H.LOT ., F4.2,:X,6Ir'$! ,F7._,1x,8,HPSIDOT *,FB.2,IX,8HPHI
7 TOT .,F9.1QexSHF]4 .,F6.4,3X,SHV23 .,F6.4,3X,5HF12 .,F6.4,3X,4HP

56le 3r1 .,F6.43 F 6 . 4,I X.F6.4,3X,T7HDPH 2 2.E12.4'')

57( 0 0, BIURCjIUT IE FCTF (T,YD×)-5710 L OMMiCh A, B,C, F, ALPiaP].P ZZ,Ml, M2,,M3,M4,MP, I1,12, 13, 4, IP,EREST, tAM ."-

$720 I B[, E[LTC,oPHTTOT,PHIPRN42 ,N42,N43,01"EGAOM2,PC1,PHIIC, TESTI,TESTa
I? 2, TEST3,NrC•1.N, 2.NG3,NP2, NP3,NP4,CA-P1 , .CAPRB2,CAPRB3,RB2,RB3,RB4,TH

S740 3JET!,THETi2,THETA3,1I, 2,P3,R4,1S,RHOI,PHO2,PHO3,RHO4,P OPJIJ2oJ
57se 43,2ETAI,BETA2,ETA3,BETA4,D1,D2,D3,ALIIN,ALIFIN,J.TANG.NT,
5-6e 6A-21Iri,ALEF Itl, AL31N,AL3FINALPHAl ,ALPHA2,ALPHAJ, iHT2,T),T4,MU,MUj,s 7ia 7;l:, PSIC,G!S 2, 5 . ,.4,S,P,!,.A',A'•, PH1-, DPS!2,F34MAX,•-23.IPX.FI2MOX. '_i

5-180 iF F 34MAX, FF23MAX,- F I eMAx, PriMAý, PHI C'UTD, AA, AN, 56,57, BD. RD, IDMD
5790 DIE1CHS C, X(4), DX(4)ID:.-.

5300 COM,"IO /ZETA, P5,TlME,G,DPSICP
581e PEAL I'1,M2,A"3,M4,MP,11,12,13,14,[P. ,I1R,MU,MUIN41,N42,H3,IP,fD

5 30 I)DELPHI, HID-PHIPR
524% PHIT.(PHIT0T+DELPHr I )ZZ

sEf.e CALL GCUPF(T,AA,AN)
5870 CALL IN3 (X,PHIT,DELPHI,0.,X(3),Xt,....,e.,.,4AI,AA2,AA3,AA4,A
5830 IAG. AA7,AA8, A9, 10AA I I,AA12,AA13,AAI4,AAIS,AAIG.AAI7.AAI•8AA
5890 2.9,AA2 ,AA21,AA22, AA3,AA24, AA25,AA26,AA27, A2B,AA9, AA3eAA31,AA3
5900 12, AA 33°AA 34, AA3S, AA36, AA3'?, Aft38, AA3i, AA4@, AAA| i~AA42, AA43, AA44, AA4S
Sgio 4,AA46, AA4?, AA48,AA49, AA50.AA1, AA52, AAS'• ).-.':

5920 C
5930 CALL 1N3A ("AS4,AA SASG.AAS/,CAPPB2,MU,PHO2,AASI,AAS3,
5940 e
595e C
5960 IF (X(4i:DP-JI2.GE.0.) !PR-IP+AAI$
5970 IF (X,4,1DPSI2.LT.O.) IPR-IP-AAIS
5980 IF (X(2)'DPAI2.GE.O.A IlR,II+ABS(MU)tRHOI,(AA3Q÷AAr3)
5990 IF 4X(2)lDPH•I2.LT.0.) IlR-Ij-AD5(MU)XRHOIa(AA3*÷AA33)
6ee0 IF UlR.tT.e., 11R-0.
601e IF 'IPP.LT.0,) IP -e.-
6£E2 :F (:PR.EO.e.) WI.RTE (6.1)
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6030 -44t)-A 1 I I1,P22/(A34XAA44$AA,54 )Z(3SAA47*AAS7-AA34AA47 tAASS- ,
6040 +*A34:AA4SZAA4 )4AAI IAA23+AA 12AA2S-AA25VMPZRCP2SIN(PS +PSIC )i
6050 +ýcINt •ETA4 )+AA2SSMPtRCP*CCS( P5 l PSI, )SCOS(BETA4 ) '
6060 AAG :-,4A I AA22,(AA34*AA44SAA54)1(AA36*AA472AAS7-AA34SAA471AAS6-
6070 4AA341.A46)AAS4)eAARI1AA24RAA13SAA2S-AA2gSMP(RCPDSIN(PSIPSIC)T-

600 ,CO.,IET.•4I-AA2SIMPSRCPtC0S(PSI*PSIC)¢;S1N(BETA4)
13090 AA621PR
6100 6AA•). 12-MPIRCP*(SINLPSr+PSIC )ISIN(BETA4)-COS(PSIPSIC)2COS(
6LO IEETA4))
61,20 AAG41AA13-r.P&RCPf(IN(PSI+PSIC )tC05(BETA4)-COS(PSI*PSIC)$SIN(
6130 IEETA41)
6140 AACSo,4-AA2 R34AA]4gAA 54)1(AA4?7AA57IN41g IIRAA34SAA54g135N43

6150 1 A34w47t S461i610 •A6 6 -A AE 22f 4 P27 1 AA4 7SAA5 71H 4 1* t2./ ( AA 34 *AA 44 tAA 4 )••-

6170 767 - LJA34gAA44IA(S4)*(PA3SzAA47$AA?34A47gAASS-AA34t61• 1 S AA4• t,•-1,4 ),'14423 ' '"

t 1 130 AA6 • AA2 [LA•J4SAA44SAAS4)Z(AA36*AA47*AAS7-AA•34AA47?AA56-AA34-
*,600 14A46t-A_€4 )+AA24
6210 D11 I x ) k'"6•0 Dx•V'ý 3 ) • X ( 4 --. .

62 3ki 1, 2 .1 i 6AA +AA68SAN-AA665X(2) *$2 )/AA6S
6•240 Dp,4 I.(AA631AA÷AA645AN-AA145X(4)ZS} )/AA62
* P C0 T ToRN
6260

ease0 FRMOT (40H01PR EQUALS ZERO - SIMULATION TERMINATED)
* ~~6290 E~

6300 SUBPOJTINE OUTPF (T,X,DX.IHLFHDIM.PRMT)
* tI t. wUi1u1i A.B,.,ri.ALPHAPI, ZZ,M1, M2,MP3,M4, MP,11 .12,13,I4,IP.EREST,LAR-
6320 1ED', UELTA,P [TOT,PH IPR,N41,M42,'W43,OMECAOMf, RCI,PHtIC,TESTI .TEST2
6310 2,TEST3,NC!, N¢2, NG3, NP2,14P3, NP4, CAPB I, CAPRO2, CAPRB3, RB2,RB3,RB4,TrH

6340 3ETAI.THETA2,THETA3,RI,R2,R3.R4,R5,RH01,RHO2.RHO3,RHO4,RHOP,J1,J2,J
6350 4-. PET-I1,LETA2, BETA3, BETA4, DI, D2,D3,AL1 IN. ALIFIN,J, TANG,.-T,
t 360 6W-21r, AL2r IN, AL31NAL3FIN,ALPHA1,ALPHA2,ALPHA3, I", Ta,T3,T4,MU, MU I,,
637e 7•P,FSIC.S1 ,5 2,53,S4,SS,AI,A2,A3,DFHI2.,DPS12,F34MAX,F 23MAXF IMAX,
6380 8FF34"IFX,FF•aMAX,FF12MAX,PNMAX.PHICUTDAAAN,S6?,3,D,RD,ID,MD
6390 REAL MI,M2,M3,M4,MP,I1,2,I3, 14,IP,xIR,N41,N42,N43,1iU,MUI,IPR.rD
640e DIMENSION X(4), DX(4), PRMT(S)
6410 COM1MON /ZETA/ PSI,TIM'E,G,DPSI,GP
6420 PHID.X( I )'ZZ
6430 P.ID-X(3 /ZZ
6440 DELPHI-PHID-PHIPR

4SOe PH:TOT.PHbITOT$LELPHI6460 PHIT-PHITOTSZZ ". '

6470 PHIPR.PHID64ýOa IH-0.-.'''

649a CALL CCLRUE(TAA,AN) rn-,

6s0e CALL LN3 (X,PHiT,DELPHI,S.,X(3),X(4),1.,O.,e.,.,AA1.,AA2,AA3.AA4,A .A
6.5:0 IA5, AA6,AAT,AAB, AAgAA LeAA II, AA12,AAI3,AA14, AAIS, AAL6,AA1?, AA18,AA i"..:-

6520 219,AA20,AAa2,AA22,AA23.AA 4,AA25,AA26,AA27,AA28,AA.g,AA30,AA31,AA3
6s3e 32,AA33,AA34.AA3S,AA36,AA37,AA38,AA39.AA40,AA41,I•A42,AA43,AA44,AA45 ,".
6S•40 4,AA46, AA4?,AA48,AA49.AA5$,RASI,AA52,AAS• )
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IF t.. . . .. X ( 4 1,51 .C . . I R I- A I

II
.o9i

I.-e
6560 CALL. IN3• (AC54, AAS5, AA5SG:A57,C¢APRB2.rU. RHO2,.AAS I, AAS3, -.

6b00 *SI.sF A ( ,A4.S6 .7 AA412ASO.AA4 .AAS2,tl.R52) p

66 10 •F tl,(2)tDPH12.GE.O.) IPR-Il'•IQBS(M ).PHJ-(AAD +AA-3

6600 JF L(X4'1DPH1I2.LT.0.) IPR-IP-AB1S 17
t 30 kA F ilR.LT.e.) IIR 0.•.. .

t; 40 In) ;IPQ.LT,O, i IPR-O.

ts GL- v AA6•o•.AI:JAA2, {AA-4ASA44)AA346)tAA3 IAA47tAAb7-AA34ZAA 47AASS-
t', I: e 1 -:.ý7 4IAA4q l Ap4Sq p #HAI I SAAF 3- ]AA I Es"•A-2 -AA-25IMP2PCPIS IN ( PS I +PSIC is
6 tý • -IN : N- FET644;)+i -A25ir'-lIR PsCOc(PSI÷-PSIC )$COS (BETA4 ) i--

"" +.3 41.4A465A.54 +lAAI* SAA24+AA13tAA(2-AA2st1MPPCPS1IN(PSI+PSIC)1
67.0 C. ). ZZovrA24:MP4RCPSW -(PSI+PAA7AS7-ABETA4)

67- 3 0 I;%,,
6740 ý.-4o,; 41.,•I3-MPiRCPI r 5SIN( PSI +PSIC isCOS ( BETA4 )-COS( PSI-PS1C )*$5IN( BETA4 4 .•

G'6 ..,G5 = |4-AA~cý," (ýý.]4 l• 445AA54 }1 (AA4?IAAS?IHN41 *I IR+AA34*AA5411I I N43 .L_."

6-130SP'&" , f-l2JAAtA744AASIH43A41312/(AAAAA44SAAS4)7,.5..J4E -90 •t•7• 4`•-A•`4•'-i6.7"` /fga]4 tC2] 44S`A• A 44 -•AA35AA471AAC, -A•34*AA47tAASS-AA34It: :"-

69 10 ro A6S",P'42ý iýAA345AA44SAA54)t(AAl36SAA4'2tAA57-AA34SAA47tAASGr-AA341

c 8P30 1S.x ) " "
d•4o [)P,; DP xI-(4 1

b•' [~I.•1',-n•AG6*2 •)oeXL2 AA67tAM.+AI•68tAN)/IAA6

[,PC.I": -AtAI 4(4)X(4)+AA6B2 AA+AA64ZANI/AA62

6S.&0C COMPUTLTINrN OF CCONiTOCT FOPOES

6900 FF34.C;4tDPHN2-•A23tAA+AA242AN)/AA22
6910 FF23.(AA44,FF344+AA49SAA+pA46tAN-IJ1N4JtDPHI2)/AA47
C920 FF128 • A54IFr 23.AA55SAA4AAS6tAN+I22N42IDPHI2)/AAS7
6930 IF (FF34.GT.FF34MAX) FF34MAX-FF34 - "
6940 IF IFF23.6T.FF23MQX) FF23MAXFF23
6990 IF (FFI2.GT.FF12r!AX) FFI2MAXFF1m
6960 IF) J.E3.J/100et1000) GO TO SO
6970 IF (PHITOT.GT.30,.AND.PHITOT.LT.(PHICUTD-30.)) GO TO 1
6SSS 50 URITE (6,4) TPHID,x(2),PSID.X(4),PHITOT.FF12,FF23,FF34
6990 1 IF (T.EO.TlrE) GO TO 3
7000 C
7010 J-J+l
7' ( C CHECK FOR CONTINUED FREE MOTION
7030
7040 F-AzSIM(x(I)-ALPHR)-BISIH(ALPHR)-C1SINh(X()-ALPHR-PSI)-R
7es5 GP-'d1COS(X(I;-ALPHR-PSI)-BtCOS(ALPHR)-AKCOS(X(I)-ALPHR)
WF (F.1¶,0.) GO TO 2

7070 PPMT(5)*2.
7030 GC TO 3
7090 ;- (GP.GT.?.) OTS).2."-,.-
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7l3O 3 TIME-T
T1 :o IFcPITOT.GE.PHICUD) PRMT(S)-l.
71TO RETURh
"is,) C

.150 C
1160 4 FCRMAT pX,3HT .,FS.5,3X,SHPHI .,F?.2,3X.BHPHIDOT .,F7.2,3X,SHPSI

7170 i-.F7.2,3x,8HPSIDOT -. FS.2.3x.8#PHITOT -*Fg.2/20ex.HFFi2 .,F7.3,3X,

-so ÷6HFF23 -. F?.3,3X,6HrF34 -. F7.3//)

7190 END
7200 SuBROuTINE KINEM (A,B,ALPHRPHI,R,CGP.OS.GDOT.PSI,DPSI,AONEBON
ale• !E,COMEDONE.UUZ)

7EZ0 DIMENSICN FH1(2)
7230 PEAL K
7240 P[.J.141S97E50 H=.t.tBIC05tALPHR)+AIC05tRHI(I]-ALPHR))
7263 K.•AIABtB+Rt;Z-CSC+2.tmSR*SIN(ALPHR)÷2.*AItgCOSiPHI(t))-2.tAtRtSIN(

ES%% GC'NE.t-H$SGPT(HtH-4.1K))/2.

7290 CTW,)Q.-H-SQPT(HSH-4.tK))/2.
711W IF .AFS(GONE).LT.ABS(GTWO)) GO TO I
310 e .GTWO

7-20 GO TO 2
733V I G.GO•'E7340 e P.B S I [I(PH I(I )+CSSI "(PH]I I-ALPHR ) *RtOS (PHI 0)-ALPHR}

0 P511 .B 705(PH 1 1 4GtCCGS(PH I(I)-ALPHR)-RS (H AI-LPHR)

73_0 5-GEgCOS'ALPHR)4AtCOS(PHI(I)-ALPHR)
7370 GDrlT.PHI12 )1tAP/5
3SO PSI-A5IWP/C)

7390 IF tFSI.LT.e.) GO 7O 2
7400 GO TO 4
41e 3 I.-.'ifPI- st Pi I

7420 4 DPS!.(OtPH1(2)÷GDOT$SIM(PHI(1)-ALPHR))/(CICOS(PSI))
7430 A4ONE-ItCOS(ALPHR)+G

440 hONE.BtS[N(ALPHR)
7450 CONE.-- .CtS INPHI(I)-ALPHR-PSI))
74C0 DONE.CtCOS(PHI(II-ALPHR-PSI)
7470 Z-.Q.AzP/SSIN(PHI(tC -ALPHR))/(CtCOS(PSI))
480 74Ue U-OsIr(PHI(P I )-ALPHR)PIA/S )/(CSCOS(PSIf)

7490 V.(Q"AZPISIN(PHI(;-ALPHR)/S)3*28TAN(PSI)/!C**22(COS(PSI))t32)G(C.
?SOO 1/(CCO5(PSlI))1(2.*A*PSCOS(PHI(i)-ALPHR)/S-P2.A•I*222Pt(SN(PHI(1)
7510 2-ALFHR),s,2/S512+AQEtSIN(PHI(I)-ALPHR)/S-ASS2* PS2215JtI(PHI(1)-ALPH
7s2e 3R)/Stt3)
7S30 RETURN
7540 END
755a SUBROUTINE IN3 (ZZZ,PHIT.DELPHI,GDOT,PSI.DPSIAOt4[,IONECONE,DONE.
?r56o tAAIAA2.AA3.AA4,AASAA6,AATAAB,AAg.AA1O.AAII,AA12,AA13,AA14.AA15,
75.5e AA16,AATAAIBAA1g,AA20,AA21,AA22,AA23oAA24.AA2SoAA26.AA•7,AA28.A
*s58 3A29,AA30.AA31,AA32,AA33.AA34.AA36,AA37,AA37,A38,AA39.AA4*AA41,AA
-1590 442,AA43,AA44,AA45,AA46.AA47,AA48.AA49,AAS*,AA51.AA52.AAS3)
76E00 IMENSION ZZZ14)7E10 COMM-N A,B,C,R,A!PHRoPI,ZZ,M1,M2,M3.M4,MP,11,12,13, 14,IP,EREST,LAM

7620 ,BDA,DELTA,PHITOT.PHIPR.M4l,M42.1443,OMC.GA.OM2.RCI,PHIIC.TESTITEST2
"1630 2,TEST3,NGI,NG2,NG3,MP2.tP3,.tP4.CAPRBIICAPRI2 CAPR83.RB2,R13,RD4,TH
7640 3ETATHETA2,THETA3,RI.R2.R3.R4.RS,ROIRHO2,RHO3.RHO4,RHOP,JI.J2,J
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7650 43.BETAI.BETA2.BET k3o0ETA4,D I D2,D3,ALIIN,ALIF=IN,J,TANG.N T,
7G66 6AL2IN,AL2F IN,AL31N,,AL3FINALPHAI ALPHA2,ALPHA3, IN,T2,T3,T4,MPJrU,.
7670 7RCP.FSIC,!1,52-o3,S4 SS,Ai,A2, A3. DP12, DPS12o34AX,i23MAX,F 2 AXo.
"76se 8rF 34MAX, FF23MAX, F.124AXoPNIMAX,pHT. CUTD, AA, AN, 656, TBD, RD, IDMD • ,

7690 REAL MI ,MMf3, r4,.PMU,MUl,t41,N42.N43, ,lIIRt¶D
7700 PHI-TZZ(1)771e •H Z.

7720 IF ttPHI.EQ.0.) GO TO 1
77,e MU-APS(MU )*DPHI/AS(DPHI)
7740 1 IF (IN.EQ.0) GO TO 2
77S0 C
7760 C UPDATE vALUES OF ALPHAS
7770 C
7"'S DELAL3-DELPHIS22m
7790 VELALL2 EtLAL3tRB3/CAPRi2
7800 DELALtI.-DELAL2*RR2/CPRBI
.?t ALPHAI.Al-PHA 1DELALI
7?20 ALPHA2.ALPHA2+DELAL2
7830 ALPHA3,ALPHA3+DELAL3
7640 IF tALPHAI.GT.ALtF1N) ALPHAI-ALIMN
"78se IF (ALFP-A2.GT.AL2FIIN4) ALPHA2-AL21N
7860 IF (RLPHA3.GT.AL3FIN) ALPHA3-AL31N
7370 C

,Ego C DETERM~INATION OF SIGINUMS
790e IF (ALPHAI.LT.TESTI) S21,.

'9"0 IF (ALPHA 2.L-T.TE ST2 ) 5 2 -1."" "

1920 IF (ALPHA3.LT.TEST3) S3-1.
7930 IF (ALPHAI.GT.TEST1) St"-l.
7940 IF (ALPHA2.GT.TEST2) 52°-1..
7950 IF ALPHA3.GT.TEST3) S3,-!.
7960 IF 1ALPHAt.EO.TEST1) 51-0.
7970 IF (ALPHA2.EO.TEST2) 52-0.
7980 IF (ALPHA3.EO.TEST3) S3.0.
7990 IF tGDOT.NE.0.) GO TO 3
Eeao S4-1.
8010 GO TO 4
8020 3 54-QDOT/AB9S(GCOT)
8038 4 IF (DPSI.NE.O.) GO TO 5
8e40 SS1.
a0se GO Trj 6
8060 S 5S.DPSI/A9S(DPSI)
8070 6 IF (AA.NE.O.) GO TO 7
8e0e 56•1.
8090 GO TO 8
80ee 7 S6--(AA/ABS(AA))
Bile 8 IF(AN.NE.O. ) GO TO 9
8120 $7-1".
8130 GO TO 10
8140 9 57.-(AN/ABS(A]))
815a le CONTINUE8160 c-

C19 C -"--
8180 C COMPUTATION OF AIoAZ AND A3
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S~lo Al-LPHA12CAPROL

SE~30 A3AFA3CPB
8a41) DEHOM?1.i .MUIt¶U

Sa~o PI-3.14159
8270 C
S280 C COM~PUTATION OF AAl TO AA57
S?90 c
S30 ~AAI-A5uMUIsS(4-)SIj:$PHI-ALPHR)-c1.+S4zSSMerU1*MUfL)COSPHI-ALP

ZýýAA2-A65tFMPZ(CO5(BETA4)-PMU1SS5ZSIf(BETAI4)))/DENOP11

3% AA.AS(MPttSIgtETAd)-MU1*S2COS(RETA4)))/DENOMI

-.I IHP) I/ DENOt'.1
* -330 AA.MBS~mPttMU::S5:CO5(BETA4)+SIN(BETA4)i)/DENOMt

Z ? 42-HBe3PMPt(MUI*SStSIN(BETA4)+COS(BETA4)))/DENOPII
S400, ,t~tJ.MB',(MPSRCPS(COS(PSI+PS1C)+flU1SSZtSIN(PSI4PSIC)))/DEN4OMl)
8410 A'410. AB(MICSSNP~PI)MISSO(S+SC)/EOI
S4Ee 11I. ONECONEIMU2IS4-RHOP1IMU1ZS51(AAI1+AA6)

-8430 M4A12.S6SPH0P21UlSS5Z(AA2+AA7)
9 44k) A13.S72RHOPfllJl*SSS(AA3.AA8)
34S%0 A~j4.RHoPStiUtS55*(AA4#AA9)

-8460 A61S.OHPsM'Ulf1AA5.Acl)
- 47kk AA16.AES~t-(MUl*S4-MU,:5XN(PHI-ALPHR4BETA4).r1.+flUP1UltS4)tCOS(PHI

8480 I-CaLPHR48ETA4) .,DENOM)
s4W Aq 17 A B 1 (mu a 5 3)s51 N (ET A3 +T HE TA 3 ,.1..MU MU IS 3 IC OS( BETA 3 +THE

ssoo ITA3ru'DENOM.)
Esl A'A18.ABS(M4/DENjM)
ES A19-9SkBMU*M4/DENOfl)
8530 A42.ABSC((l.4rMUSM~UlzS4):SIt1(PHI-ALPHRBETA4).(S43I'IU-r¶U)1COS(PHI-
f5S40 1I.LPHR4BETA4 ) ),DENOM )

*8550 AR21.ABS((-(1.41UMUt531zSlN(DETA34THETA3)+MU*(1.-S3)*COS(BETA3.TH
85-60 IET3))/DENOMl
8S70 0A22.P84-MUS(S32eD3-A34RHO42(AA17+AA21))

* 8520 ,AA23.MUSRHO4t56*(AAl8+AA1g)
2590 AA24.rMUlRH04SSS7(AA18+AA19)
8600 AA2S.AONE+BONE2MUlSS4MU*RH04S(AA16+AA2e)

*86A'0 AA6.ABS((UI(..Sfl*5SIN(BETA1.THETAI -cl.-MU:NU2S1):COS(8ETAz.THE
862e ITAI ) )DENOtI)
8 630 AA27.ABSCM1/DENOM)
6640 AA2S.ABS(Ml2MU/DEN0M¶

SES PA9.ADS((rIZPCIg(M'UtCOS(PHJ1C.PH1T*N41)4SIN(PHl1C.N41*PHIT)))/DEN
E66e IOM)
26716 AA30.A3S((M1ZRCIZ(COS(PHI1CN41tPHIT,-MU2SIN(PHI1C.N41*PHITf)))DEN
8620 IOM)

* 2690 AA31eADS(((1.-PiUZ¶UZSI)8SIN(BETAI4THETAI).f9uZ(1.4S1)RCOS(DETA14THE
8 7ae 1TAI ))/DENOMfl

-8710 AA32SADSC(P11ZRCIX(COS(PHIlCN4lSPHITI-MUSSIN(PHllC.N4ItPHIT)fl'DEN
8 720 IOM)

*8?30 AA33.A3S(N1:*RCIS(SIN(PHICN41:PwIT)+rMU*COS(PHIIC.N4l:PHIT)))/DbNq

1..4
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b%

IF-

S740 1"M
S7ý0 PA34-CAPRB1-MU$S1)AI÷MUIRHOl1*A26÷AA3J:

S77%) c
97SO C AA3S AND aAA3 RE'IuzEt FOR PATRIOT M143 SiA

SS• AAlS-56%MU9RHOlI4AA27+AA2 )+MIZRC 1COSIPHI1C+N41%PHIT )-MDIRD*COS(
S320 -*;D.Pj.4.-N41lPmIT)
bS2o AA36.ST*i7tUt1I(AA27*AA28 )-MlIRC 1SIN(PHI1C1N41 PHIT),MDtRDtSIN.

S*+D#Pl 4.-N411PH1T I$S•s 14A37 -riL',tRH091 {AA29#AA32}

SS20 AA..3 S . ,I.UStMIS2 )*OS (BETA2-THETA2)+MU-S2-1. )SIN(BETA2-THE

ý,)4S.-PIZII.-MU*MUSS3)ICOS(BETA3÷T)ETA3)+SUt(I.+53)*SIN(BETA34THE

1Tý43) DENO!)
ýH4 2 ;B *- ( k(I.*MU)MU2S2)RS1N(BETA2-THETA2)*MUz(1.-S2)3COS(BETA2-THE

9930 1ITH2 DENJI)
8 94 % ..H43 -A81:t ( I.-MLI8S1UIS)S1$N(BETA3+THETA3i)+¶U*(1.453)*CoS(BETA3,THE
899O ITA>3).'DENOI)
9963 .A44-CHPRS•-m! s3S3A3+MUSRHO3t(AA41*AA43)

-3-L4 w45~-AM3HC~t:;61(AJ9+AA4e) '

89ý0 AA46. -MJlRHO3$5S7(AA39+FiA40)
8990 A4.-B3-MU*(S2*(D2-A214PHO3t2AA38*AA42))
9000 AA482MPS1UMUzAI.-S1)$SIN(BETAI÷THETAI)*(I.÷rUIMU$SURtCOS(BETAITHE
9010 1TA I) ,DE NOM)
9020 AA49 --* 't M2/DENOM) .

9040 AASI1.BSt(MuStI.÷S2)SSIN(SETA2-THETA2).(1.-MUtMUU5a2*COS(BETA2-THE
90g0 ITA2/DENOM)9060 mAS2-ABS((Mý;s(I.-SI~r");{BETAI÷THETAI)-(I.÷M"U*MUISI)*SIN(BETAI#THE ''

9070 1TA )I DEhOM)
9eia At5 3.- ABS(((1.--MUIMU3522)ISIN(BETA2-THETA2)- -MUI ( .1S)2COS(BETA2-T THE
9090 1TA2),D"NOM
9103 RETURN
9110 EhD
9120 SUBROUTINE IN3A (A•S4,AASS,AAS6.AAS?,CAPRB2,UoRH02.AASI,AAS3,
9130 *51,S2,A1,A2,S6,57AA49,AASO.AA48.AA52,DI,RB2)
9140 REAL MU
91SO C THIS SUBROUTINE COMPUTES AA54-AA57
9160 AA;4-CAPRB2$MUtRM02t(AASI+AAS3)-MU*S52A-
%170 AASS--MU5RHO2XSG*(AA49+AS)-
9180 AAS--MUtQH02lS7t(AA49+AA50)
9190 AAS?7,B2-MJ3Sit(Dl-Al)-MUtRHO21(AA48'AA52)
9200 RETURN
9210 END
9220 SUBQ0UTLNE ALFA(CAPB,.RB,THETA.CAPRO,ROALINoALFZN)
9230 ALI.*((CAPB*,RB)$TAN(THETA)-SQRT(ROIRO-RBtRB)]/CAPRB
924a ALFIt.SORT(CAPROCCAPRO-CAPRBZCAPRB)/CA

0 RB
92S RETURN
9260 E"-
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:0r 0U$3OU1If4t GC.'R'.( :TNTCT,AA.AN3

AN -0.
93Oe'CU 10 G-,C. 0;,o Sol.

-. 0 so

1~ . ." 2.' 3- J.1

23943 1r.E.)¶. I c -0 Q
9390 IF T.GT." -j.ANý'.?.L-.T1"(J-*13 ý. TO 0
94ge :F T .LTTI!P(j I I IrO0s
9414 (10 yl* 20
94LI 1,8A
943* ... t
9440 ý;0 TC 1000

9460
9460 #4N (C A U J-I).3( t T-H' )*TM P -I(
9470 GO TO i~e

9500 GO 70 1000

9530
9S40 ia00 AA-:2.332.21AA
9550 AMl-t2.13a .2tlN

9560 .P1O..~S)AN--AN
9570 QE?..,Pi

9g80 1140
9590 xEOQ
9600 . '. oE e .14960 ..'as .*1571 45.sn
9610 90. So. to0. is$.
96a 0. 108.4a -.0.
9630 a .6'7?SE-a 1. I-241-6 1.2im35(- *.S7U -6 S.3546E-s
;640 S..3vSE-C 13Vj- S.S991E-3 6. 1g9g- £.13mgs(
9650 .26561 0.0 .*152 45. 0. 133.41 1
gS6. 13268. -if* .100
9670 ?S.368 96.496 1#43.9a5
9600 Ill. 30. 30. 110. B. 1.
9690 .7341 .*:554S .1~457S ."63S .04141 .03=
9760 26. 20. a*
9711 .077 .,1g .01S4 .S154
9720 .7115 .142S .1340 .04371 AV2 .014s
9730 .792S .1663 .15615s .07S51 .04615 .0466
974$ 0. 0. It.
9wo 649.39 .a34
9764 1s4.39 .23
97-70 6.99739E-S 2.67901-4
9780 a
9?90 0. 21.9 0.
;see 9. 11.9 0.
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